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Abstract 
This research is focused on the experimental analysis and numerical simulation of adiabatic developing 
two-phase refrigerant flow in manifolds including the inlet tube after the expansion device.   
The two-phase flow development in the tube after the expansion valve significantly affects distribution in 
the manifold.  Visualized flow structure is divided into three regions.  The transitions among these regions are based 
on the phase separation status.  Relationships between the lengths of those regions and flow characteristics are 
developed.  The liquid phase is assumed to be continuous phase at high quality conditions so that the Eulerian model 
of Eulerian-Eulerian approach is chosen for the numerical simulation using FLUENT 6.  Better prediction is 
achieved for high inlet qualities.   
Two-phase flow regimes in the manifold are mapped for the first time.  Indicators of distribution uniformity 
are plotted in the maps.  The maps are presented in two forms: non-dimensional Froude number coordinates and 
mass flux-quality coordinates.  Effect of the two-phase flow in the inlet tube (after the expansion valve) on 
distribution in the manifold is explored.  Eulerian model in FLUENT 6 is the most appropriate for the conditions 
studied in the manifold.  Simulation results for the same geometry of the manifold and the same operating conditions 
as used in experiments demonstrate very good prediction of flow field and reasonable prediction of liquid 
distribution among branches.   
Experiments were performed using R134a in a facility designed for visualization (PDPA, photo) and two-
phase flow distribution measurements for various inlet tube and flow characteristics.  For most experiments, a 
transparent manifold in simplified geometry was used.  Further experimental analysis is done for a manifold of a real 
plate evaporator.  Atomization nozzles are first time applied as the expansion devices at the inlet of the manifold in 
order to generate mist homogenous flow, which in this study is proven to contribute to uniform distribution. 
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Chapter 1. Introduction 
The focus of the study is the developing two-phase flow in horizontal manifolds with downward facing 
exits, in close proximity to the expansion device.  The effectiveness of heat exchangers is strongly affected by the 
distribution of the refrigerant two-phase flow (especially liquid phase) in the manifold, commonly called a header.  
The maldistribution in parallel circuits is significantly related to the two-phase flow patterns in the header, as well as 
several other factors including non-uniform thermal loading of different sections (circuits) of the heat exchanger, 
fouling effects, etc.  The inlet condition, fluid properties, orientation and geometry of the header determine the flow 
pattern of two-phase flow.  In order to focus on two-phase flow in the header, this investigation does not take into 
account the non-uniform pressure drop downstream of the header created by uneven thermal loading of the heat 
exchanger or other reasons.  A header with simple rectangular geometry (called generic header) is used for the 
distribution studied first, followed by a header from a real plate evaporator. 
The objectives of this study are to: understand the phenomena in the header and the preceding inlet tube 
and find out their role in designing better heat exchangers; describe flow patterns in the header relative to the inlet 
conditions; characterize the relationship between the adiabatic developing two-phase flow pattern in the header and 
distribution results; compare the experimental results with predictions of commercially available CFD programs 
with the help of PDPA measurement; characterize the flow patterns and distribution results in a more realistic header 
of a plate evaporator; find a possible way to improve the distribution based on the understanding attained. 
This document comprises the following main sections: a review of previous studies of distribution in 
manifolds; a discussion of current experimental results in inlet tubes, a generic header and a header of a real plate 
evaporator (horizontal inlet and downward outlet); a discussion of the numerical simulation results in inlet tubes and 
the generic header; novel application of atomizers (plain orifice atomizer and pressure swirl atomizer) as the 
expansion device at the inlet of the header. 
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Chapter 2. Literature Review 
The related literature can be divided into these groups: the publications focused on two-phase flow in a T-
junction; single-phase flow in manifolds; two-phase flow in manifolds and some fundamental studies on the droplet 
dispersion. 
2.1 Two-phase Flow in T-junction 
A number of investigations have been performed on two-phase flow split at a T- or Y-junction using air-
water mixture such as Shoham et al. (1987) and Hwang et al. (1988), or using steam-water mixture such as Ballyk et 
al. (1988), Seeger et al. (1986) and Reiman and Seeger (1986).  But, it is necessary to notice that most of the existing 
experiments were conducted at relatively high flow rates (e.g. 30kg/s for liquid) for the requirement in nuclear 
reactors or chemical plants. Reimann and Seeger (1986) investigated the static pressure distribution and phase 
separation near the T- junction and compared them with previous results.  They investigated the influence of branch 
orientation, inlet flow pattern and ratio of inlet mass flux to branch mass flux on the degree of phase separation.  
They also derived the empirical correlations for pressure distribution and phase separation. Ballyk et al. (1988) 
studied two-phase flow splitting phenomena in a T-junction for steam-water annular flow.  
Sliwicki and Mikelewicz (1988) developed a theoretical model of an annular-mist two-phase flow 
distribution in a T-junction.  Mccreery & Banerjee (1990)(1991) did an experimental and analytical investigation of 
dispersed mist and dispersed annular (rivulet or thin film) flow phase separation in a tee.  Most of these studies were 
conducted in a single T-junction.  But the phase separation characteristics are so complicated that the T-junction 
findings cannot be directly applied to the study of distribution in the manifold with multi-pass outlet branches. 
2.2 Single-phase Flow Distribution in Manifolds 
Although a large quantity of data had been obtained for a single pipe, little data was shown on manifold 
discharge behavior.  Two critical effects need to be emphasized in the manifold distribution study: inertia and 
friction.  As to inertia, Bernoulli principle indicates that the pressure increase corresponds to a deceleration of fluid 
along the length of the manifold due to the outlet flow in the previous branches.  In regards to friction, it results in 
pressure drop along the length of the manifold.  Either of these effects can be dominant.  For a manifold with 
uniformly spaced holes and fixed geometry, there are two parameters characterizing the distribution: 1) the ratio of 
the manifold length to manifold diameter; 2) the area ratio, which is defined by the sum of discharge areas to the 
manifold cross sectional area.   
Other previous work on single-phase distribution in parallel flow heat exchangers, such as Miller (1978) 
and Bajura and Jones (1976), have shown that the pressure drop over the tubes and the pressure drop related to the 
flow splitting in the manifold is deciding the main flow distribution.  Bajura (1971) conducted an analytical 
investigation of the performance of single-phase flow distribution for both intake and exhaust manifolds.  Primary 
emphasis is placed on configurations in which the lateral tubes form sharp-edged junctions at right angles to the 
manifold axis.  A mathematical model was formulated in terms of a momentum balance along the manifold.  Bajura 
and Jones (1976) extended the previous model and prediction for the flow rates and the pressures in the headers for 
the dividing, combining, reverse and parallel manifold configurations.  The models were obtained from: the solution 
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of two first order differential equations involving the flow rate and the pressure difference across headers (pressure-
flow equation set); or the solution of a second order, nonlinear ordinary differential equation involving the flow rate 
alone (flow distribution equation). 
Pressure-flow equations are:  
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The pressure-flow equation set showed the relationship between pressure and velocity changes in the 
headers and the flow distribution equation is formulated in terms of the flow rate in the dividing flow header.  This 
analytical model has been generalized in terms of dimensionless equations and flow coefficients for the general 
application in the analysis of single-phase flow distribution in manifolds. 
Choi et al. (1993) found that different header shapes (with different area ratio, defined as ratio of the total 
channel cross-sectional area to the dividing flow header cross-sectional area) resulted in different Reynolds numbers 
and static pressure differences between dividing and combining headers, which directly affects the flow distribution.  
He also pointed out that there were two factors controlling the pressure variations in manifold headers: friction and 
momentum.  These two factors lower the pressure along the header in the flow direction in a combining flow header, 
and in opposite directions in a dividing flow header. 
Kim et al. (1995) found that a small AR (Area Ratio, defined as the ratio of the total channel cross-sectional 
area to the dividing header cross-section area) and a large WR (Width Ratio, defined as the ratio of the combining 
header cross-sectional area to the dividing header cross-section area) were required in order to obtain uniform flow 
distribution in a manifold that resulted in large headers; which is to be prevented in heat exchange system.  Also, Re 
will increase correspondingly and flow rates in the header tend to concentrate in the last downstream channel due to 
the inertia effect.  He studied 2-D steady state laminar water flow in three kinds of headers (rectangular, triangular 
and trapezoidal) without enlargement of the header size.  It is noticed that as Re increases, the maldistribution is 
more significant in the rectangular header than in the triangular or trapezoidal header.  This undesirable phenomenon 
is caused by the increase in the inertia effect with an increasing Re and different header shapes will have different 
depth of influence.  The key finding was that small area ratio and large width ratio are required to obtain uniform 
distribution.  So more uniform flow distributions can be obtained by optimizing the header shape.  
Jones and Lior (1988) analyzed the fluid flow (including buoyancy) in a vertical upward, externally 
irradiated assembly of manifolded finned tubes.  Buoyancy was found to correct some of the flow maldistribution 
that would have occurred if the assembly was isothermal.  Their results also indicate that for tube-to-manifold 
diameter ratios of 0.25 and smaller, tube flow is nearly uniformly distributed and the influence of buoyancy is 
negligible.  As the diameter ratio increases, flow maldistribution for an isothermal assembly also increases.  Wang 
and Yu (1989) developed a discrete numerical model describing the flow behavior in terms of mass and momentum 
balance equations at every segment of the header system.  They categorized the header systems to the pressure 
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regain type and pressure decrease type.  And it was proven that the flow distribution of pressure regain header 
system is more uniform than that of pressure decrease header systems.  Chisolm and Wanniarachchi (1992) did 
some studies about the selection and arrangement of the plates of the plate heat exchangers to improve the 
distribution.  Jones and Lior (1994) first considered the influence on distribution by the thermal conditions, through 
the advent of buoyancy-driven flows and through the temperature dependence of thermo-physical properties.  Lalot 
et al. (1999) used air to study the maldistribution problem in the distributor of electrical heaters.  The study shows 
that reverse flows may occur in a poor inlet header design.  They suggested using an additional grid to homogenize 
the flow, which improves the distribution.  Jones and Galliera (1998) used standard and RNG k-ε models in 
FLUENT to benchmark their integral model for flow distribution.  They achieved good agreement between the two 
approaches and indicated that FLUENT can predict the large-scale features (e.g. distribution) of three-dimensional 
branching flows in a coupled manifold.  Without including the quality effect, the application of single-phase flow 
distribution study is still limited.  
Wang and Yu (1989) studied dividing and combining flow manifolds for solar collectors.  A discrete 
numerical model describing the flow behavior is formulated in terms of mass and momentum balance equations at 
every segment of the header system.  The numerical results show that the header systems can be categorized as 
pressure regain type and pressure decrease type according to the static pressure distribution along the dividing 
manifold.  A header system may transfer from pressure regain type to pressure decrease type while the resistance of 
the dividing manifold increases.  The flow distribution of pressure regain header system is much more uniform than 
that of pressure decrease header system.  
Jones and Galliera (1998) applied a Computational Fluid Dynamics (CFD) approach to predict 3-D steady 
flow and pressure fields in a T-junction coupled manifold with three risers, which consists of dividing and 
combining flow.  Using FLUENT4, the entire system was modeled as a mesh and the governing equations were 
solved for pressure, velocity and distribution.  Meanwhile, an integral physical model considering changes in 
velocity and pressure was developed.  It was based on fundamental principles such as continuity, energy, and 
Bernoulli equations.  Good agreement was obtained among experimental data, FLUENT and the integral model.  
They concluded that physical models could exhibit nearly the same accuracy in obtaining physical values as did a 
CFD model.  
2.3 Two-phase Flow Distribution in Manifolds 
Only a few studies on the topic of two-phase flow distribution in the manifolds have been reported in recent 
years.  Experimental work simulating actual operating conditions in the headers was reported by Bassiouny and 
Martin (1984), whose preliminary studies attempted to find a correlation between the header geometry and the flow 
distribution.  Those studies showed that a uniform flow distribution could be achieved by properly selecting the ratio 
for combining and dividing header areas.  Nagata et al. (1988) conducted some experiments on a horizontal 
manifold with four vertical upward tubes.  Mueller (1987) and Mueller and Chiou (1988) reviewed various types of 
flow maldistribution in heat exchangers.  They concluded that it can be caused by mechanical design of headers and 
inlet connectors, heat transfer process, fouling or corrosion, etc.  But in many cases, the maldistribution of two-
phase refrigerant flows into each branch tube from the headers of evaporators and condensers is due to two factors: 
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one is the non-uniform distribution of the thermal load of different sections of the heat exchanger; the other is the 
complicated fluid dynamics of vapor-liquid two-phase flow in the headers which are related to the combined effects 
of the geometry and orientation of the headers, inlet conditions, outlet conditions, etc. 
Samson et al. (1988) developed three distribution manifold prototypes to study two-phase refrigerant flow 
in a real heat exchanger device.  The two-phase air-water mixture was used in their header system and different 
headers were tried to find which one could equally distribute the liquid flow into parallel legs.  Based on their 
results, a fan header was designed to provide uniform distribution.  
Moura (1990) carried out both experimental study and numerical modeling on the two-phase flow 
distribution between two passes of a heat exchanger.  He found that the two-phase flow configuration in the 
common header depends strongly on the flow direction.  Upward flow is unstable and turbulent, principally for a 
low gas quality.  Downward flow is often separated and at the second pass the flow is stratified.  More uniform 
distribution was observed generally for an upward flow.  It was also proved that mass flux or gas quality 
augmentation improves flow distribution.  Two-fluid model was applied in the flow simulations and it showed a 
qualitative agreement with experimental results, which provided better agreement of gas void fraction simulation but 
worse outlet flow distribution simulation results.   
Kariyasaki et al. (1995) studied the flow separation phenomena of two-phase air-water mixture through 
three successive T-junctions.  The flow pattern in their inlet main tube was slug flow or annular flow.  They found 
that the length of gas bubbles and time ratio of the existence of the water lump at the entrance of the branches were 
the dominant factors controlling the distribution characteristics of two-phase mixture into the branches.  It was found 
that when the two-phase flux from the outlet main tube was small, the water distribution ratio of the branch 
increased and the air distribution ratio decreased in the direction of the flow in the main tube.  A model was also 
proposed to explain the pressure drop in horizontal branches, and it was made clear that the frictional pressure drop 
in water slugs in the branches was important and the distribution of two-phase mixture was controlled by the 
pressure drop. 
Rong et al. (1995) (1996) have carried out an adiabatic experiment in an air-water flow loop to study two-
phase flow distribution in multiple channels of a compact heat exchanger used for automobile air-conditioning.  The 
primary parameters in their study were: channel orientation and inlet channel geometry.  They visualized the flow in 
the actual evaporator plates as the branching channels, which are flat, narrow and have round dimples.  Different 
orientations were tested and blockage designs were applied to improve the distribution.  It was found that overall the 
vertical upward branch flow had a better distribution than a vertical downward flow.  They cited that the manifold 
geometry was a crucial factor in two-phase distribution because of the determination of the inlet flow characteristics.  
The influence of inlet conditions on the behavior of the vapor-liquid flow within the headers was also observed.  
Annular flow was found to be dominant especially for high flow quality of high air and low water flow rate.  Also it 
was found that the first channel received the most water and less air and the last channel received more air and less 
water under their operating conditions.  
Asoh et al. (1991) used R113 as the working fluid to study the distribution in a horizontal main pipe with 
three vertically downward branching tubes, simulating an evaporator of an automobile air-conditioner.  A heater was 
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used to get the vapor-liquid two-phase mixture at inlet of the header.  Slug or froth flow was observed in the main 
pipe (header), and the flow patterns were not the same as in the branching tubes.  They found that the flow rates of 
both phases separating into the branch tubes were more controlled by the liquid flow rate in the main pipe than that 
of the vapor.  
Watanabe et al. (1995) experimentally investigated two-phase R11 flow in a multi-pass tube setup (four-
tube manifold) simulating the serpentine type evaporators in automobile air-conditioners.  A pre-evaporator (heater) 
was used to regulate the quality of the refrigerant two-phase flow.  The main test section was composed of a 
horizontal distributor and four parallel upward branches with the inner diameter ratio (diameter of branch 
tube/diameter of main pipe) 0.3.  Two kinds of experiments were performed, with and without heating load on 
passes.  Under no-heating load condition, they found that the main tube flow had a great influence on the flow 
distribution.  Under heating load condition, the more heating load, the more uniform the distribution became.  
Horiki and Osakabe (1999) studied water distribution in a horizontal manifold with four vertical branches 
with or without a small amount of gas-phase.  The branch pipes could be protruded into the header, and the effect of 
protruding the length on the water distribution was studied.  
Bernoux et al. (2001) did some experimental work on two-phase distribution in compact plate heat 
exchanger manifolds.  An understanding of the effect of inlet mass flow rate and quality on distribution was desired.  
The test section included eight vertically downward rectangular channels.  R113 was used as the working fluid.  The 
mass flux was around 35~100 kg/m2s and the mass quality was 0.1~0.8.  The two-phase flow pattern library 
provided by Wong and Yau (1997) was used as the description of the flow status at the inlet of the manifold.  Their 
results showed that the vapor distribution is excellent at high mass quality, but it deteriorates strongly when quality 
decreases.  Inversely, the liquid distribution is very uneven at high quality while it is much better at low quality, 
although not very good.  Furthermore, they also visualized the entrances of these patterns into the distribution 
manifold and addressed the relationship with the incoming stream.  Three types of flow structures in the manifold 
were shown with the inlet flow status: for low quality, an incoming jet of liquid flow fills the channels upon which it 
impinges; for medium quality, an incoming liquid jet rebounds off the far wall of the inlet manifold and fills the 
channels it touches; for high quality, the incoming liquid jet reaches straight to the end of the manifold and is split 
by the impact.  These critical findings are also addressed in this study. 
Fei et al. (2002) presents experimental results concerning the distribution of the refrigerant R134a in the 
inlet header of plate evaporators.  The header section was a cut header structure of a real plate evaporator.  The two-
phase flow development was visualized in the header and the distribution results under various conditions were 
illustrated.  The distribution was found as the function of the flow status at the inlet including the droplet size, 
inertial velocity and quality.  Baffles were found to play an important role in the distribution comparing to the 
header with them.  Detailed findings will be addressed in this document. 
Lee and Lee (2002) performed experimental work about header-channel junctions of compact heat 
exchanger with three different intrusion depths.  The operating conditions were mass flux and the mass quality 
ranges of 54 -134 kg/m2s and 0.2 - 0.5, respectively.  Air and water were used as working fluids.  They showed that 
a uniform liquid flow distribution in the parallel channels could be achieved simply by adjusting the intrusion depth. 
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Vist and Pettersen (2002) used circular header as horizontal inlet manifolds (inner diameter: 8 and 16 mm) 
with 10 parallel vertical tubes.  They investigated the two-phase flow distribution of R134a in round tube manifolds 
with ten parallel tubes with operating conditions (mass flux: 199~331 kg/m2s, vapor fraction: 0.11~0.50, heat load 
on the branches: 50~650 W).  The results showed severe maldistribution of both the gas and the liquid phase.  In the 
upward flow experiments, the vapor phase flow was distributed much easier into tubes near the inlet, and the liquid 
was preferentially distributed to the last tubes of the heat exchanger.  Vist and Pettersen (2003) continued 
experimental study on two-phase flow distribution of CO2 in compact heat exchanger manifold and comparison was 
made to some results from the experiments using R134a.  The same setup was used and the effects on flow 
distribution by vapor faction at the inlet and heating load on the branch tubes were elucidated.  Both upward flow 
and downward flow distribution were measured and some similarities and differences of distributions between 
R134a and CO2 were addressed according to different quality conditions. 
More recent research on the two-phase flow distribution in a compact heat exchanger header was done by 
Kim et al. (2003).  A horizontal circular tube (diameter: 5 mm, length: 80 mm) was used as the test section of header 
and 10 upward circular channels (diameter: 1.5 mm; length: 850 mm) were used as the branching tubes.  Air-water 
was the working fluid and the operating range was mass flux from 50 to 200 kg/m2s in the header and inlet quality 
from 0.1 to 0.3.  Two-phase flow patterns and pressure drop in each channel were studied accompanying the 
distribution measurement.  They found that the vapor distribution was contrary to the tendency of liquid phase 
distribution and better distribution was attained with the decrease of mass flux and quality.  Insertion depth was 
linked with the degree of distribution and there was some relationships between the pressure drop in the branching 
channels and the mass flux and quality.  
On the other hand, a few studies have been conducted for the practical feature of a microchannel evaporator 
to provide flow mal-distribution.  Beaver et al. (2000) reported the experimental results on the effect of flow mal-
distribution in micro-channel evaporators using the CO2 for heat pump application.  They studied three different 
refrigerant feeding methods to improve the flow distribution characteristics in the microchannel tubes through the 
inlet header.  
Tompkins et al. (2002) experimentally investigated the air-water distribution in the microchannel header.  
Stratified flow and annular flow were observed for different mass flux.  The annular flow field caused significant 
non-uniformities in liquid and vapor distribution among the microchannel tubes.  More uniform distribution was 
found in the stratified flow field.  
Even though the two-phase flow maldistribution problem is more important in the evaporators than 
condensers, the investigations about the effect of both geometric and dynamic parameters on the optimal design of 
the microchannel evaporator were still rare.  Cho et al. (2003) made some contributions in the study of mass flow 
rate distribution and phase separation of R-22 in multimicrochannel tubes under adiabatic condition.  The test 
section was a header of 19.4 mm diameter with 15 parallel multi-microchannel tubes.  Different inlet flow directions 
(in-line, parallel and cross flow) and header orientations (vertical and horizontal) were studied.  The mass flux at the 
inlet header was fixed at 60 kg/m2s, and the inlet qualities were set at 0.1, 0.2 and 0.3.  According to their 
distribution analysis for that specific operating condition, the effect of inlet quality on the mass flow rate distribution 
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and phase separation in the microchannel tubes was negligible.  The largest parameter affecting the distribution and 
phase separation is the orientation of the header.  Horizontal orientation showed better mass flow rate distribution 
and phase separation than vertical one.  As to the type of inlet flow direction, inline flow condition showed worse 
mass flow rate distribution and phase separation than the parallel and cross flow conditions. 
Also some researchers have developed empirical or numerical flow models to predict the pressure and flow 
distribution, such as Reimann and Seeger (1986), Moura (1990), Fukano et al. (1991), etc.  Oh and Lee (2001) first 
showed the numerical simulation results on the effect of the inlet angle, shape and location of inlet, and height of 
protruding flat tube in the inlet header of parallel flow heat exchanger for single-phase flow.  However, the results 
cannot be applied directly for the two-phase flow distribution study in the manifold.  
2.4 Two-phase Flow Patterns 
Since the two-phase flow patterns in the manifold can significantly influence the flow distribution along the 
branching tubes, it is very important to understand the two-phase development in the header, which is determined by 
the inlet flow conditions at the inlet of the header.   
Numerous flow pattern maps have been developed for horizontal, adiabatic two-phase flows in tubes.  
Definition of the flow patterns shown in Figure 2.1 is from Collier and Thome (1996).  The traditional map of Baker 
(1954), shown in Figure 2.2, has been widely quoted over the years.  Some others are those of Hashizume (1983) 
and Taitel and Dukler (1976).  There are several correlations and flow maps proposed to predict the flow regimes 
and the vapor-liquid configurations in two-phase flow.  The complete organization of these models and 
methodologies were reported in Kattan (1999)’s Ph.D. thesis.   
A well-known flow pattern map for adiabatic flows in horizontal tubes is Taitel and Dukler model defined 
by Taitel and Dukler (1976).  They defined parameters F, T and K to determine the type of flow regime as a function 
of the Martinelli parameter Xtt.  Later, Taitel (1990) proposed a new method for predicting flow patterns not 
anymore limited to horizontal tubes but covering the complete range of possible pipe inclinations.   
Another one is Hashizume map defined by Hashizume (1983), who found that the boundaries of flow 
pattern for refrigerant two-phase flows differ significantly from those proposed earlier by Baker (1954).  He 
therefore modified the Baker flow pattern map using the data of adiabatic horizontal R12 and R22 flow inside a 10 
mm glass tube. 
The VDI map is a modified Taitel-Dukler flow pattern map presented in the VDI-Warmeatlas (1993).  It 
uses functions of the fluid properties such as quality, void fraction, density, etc. to construct the boundary curves.  
Since the differences between the limits for turbulent liquid and vapor flow and for laminar liquid and turbulent 
vapor flow are not significant in practice, only the equations applying to the turbulent case are given.  Also it uses 
similar coordinates F, T, K, and Xtt to Taitel-Dukler map, except including the inclination angle ϕ of the tube which 
makes this model have broader use. 
Recently, Kattan et al. (1998) developed a new flow pattern map for refrigerants under evaporating 
conditions as the first step in the development of a new flow boiling model for horizontal tubes based on local flow 
pattern.  It covers fully stratified flow regime (S), the stratified-wavy regime (SW), the intermittent flow regime (I), 
annular flow regime (A) and mist flow regime (MF) and bubbly flow (B).  Zurcher et al. (2001) have also proposed 
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an even more detailed method for predicting flow pattern transitions effectively by taking into account the effects of 
void fraction on flow transition and flow pattern on void fraction.  Thome and Hajal (2002) presented the newest 
version of this map by using a simpler method to get the equivalent results.  The Rouhani and Axelsson (1970)’s 
void fraction equation is used in the transition equations rather than the original method of Taitel and Dukler (1976).   
 
Figure 2.1 Two-phase flow patterns from Collier & Thome (1996) 
 
Figure 2.2 Flow pattern map for horizontal two-phase flow from Baker (1954) 
Theofanous and Hanratty (2003) reported the flow regimes in multifluid flow.  An overall view of steady, 
fully developed adiabatic flows is depicted from the following aspects: phase distribution in annular flow; slug 
formation and dynamics; transition from disperse to intermittent flow; phase distributions in bubbly flow.  Mixing 
flows are also addressed as the opposite of fully developed flows.  Relationships between experimental study and 
numerical simulation on flow regimes are illustrated.  Woods and Hanratty (1999) studied the influence of Froude 
number on physical processes determining frequency of slugging in horizontal gas-liquid flows.  They provided a 
detailed account of the physical processes that determine the frequency of slugging and developed a stochastic 
model to describe the formation of slugging for Froude numbers greater than unity. 
2.5 Void Fraction, Mass Quality and Slip Ratio 
In the study of two-phase flow, it is of great importance to analysis the parameters such as void fraction, 
mass quality and slip ratio of these two phases.  To distinguish between gas and liquid phases the subscripts ‘L’ for 
liquid phase and ‘V’ for vapor phase.  The mass flow rate is represented by the symbol W and it is the sum of the 
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individual phase flow rates WL and WV.  The mean velocity of an individual phase is denoted by the symbol u.  The 
rate of mass flow rate divided by the flow area is given the name ‘mass flux’ (sometimes called mass velocity) and 
the symbol G. 
νρ
uu
A
WG ===  
As we know, the void fraction analysis is commonly used in the two-phase flow pattern studies, such as 
Thome (2002), Kattan et al. (1998), etc.  In order to model the transition from one flow pattern to another, it is 
extremely essential to capture the void fraction change.  More discussions about void fraction are shown in the 
following. 
The void fraction, normally denoted as α, is defined as the fraction of the volume occupied by the vapor 
compared to the total two-phase volume.  So that at any cross-section, the void fraction can be defined as the ratio of 
the cross-sectional area occupied by the vapor: 
A
A
A
A
AA
A LV
LV
V =−=+= )1(, αα  
where AL and AV are the liquid and the vapor cross-section area and A is the total cross-sectional area.  Among the 
different models proposed for predicting the void fraction, the most popular one is Rouhani and Axelsson (1970) 
correlation, which is sometimes called the Rouhani correlation.  The expression of the formulation is as follows: 
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The mass quality, x, is defined as  
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And the slip ratio is the ratio of the vapor velocity to the liquid phase velocity, defined as 
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So, if the slip ratio is close to 1, the upper correlations can be used to calculate the void fraction based on 
the condition with a known quality.  On the other hand, if the void fraction at a location can be measured or 
estimated, the slip ratio can be derived by this equation with the known quality. 
2.6 Droplet Dispersion 
Clift et al. (1978) and Crowe et al. (1998) have done tremendous organization and fundamental studies on 
the particle (or droplet) dispersion field, which is one possible flow pattern in the header of this study.  Bayvel and 
Orzechowski (1993) and Lefebvre (1983) (1989) made great contributions to the study of atomization and spray, 
which are helpful in understanding the physics of droplet motion.  Iliopoulos and Hanratty (1999) numerically 
studied the dispersion of fluid particles in a DNS of turbulent channel flow in order to validate the Langevin 
equation used for non-homogeneous fields.  Hanratty et al. (2000) made significant progress in understanding 
multiphase flows by considering the impact of interfacial stability on the prediction of flow regimes.  This paper also 
described rates of deposition with the understanding of influence of fluid turbulence on entrained particles. 
Dispersed phase flows are flows in which one phase (dispersed phase) is not materially connected and other 
phases are materially continuous.  In our case, dispersed flow is one component of two-phase flow.  R134a liquid 
droplet is the dispersed phase and R134a vapor is the continuous phase.  Droplet dispersion is a complex issue to 
study analytically and experimentally.  The difficulty comes from: the motion of droplets occurs in a field of 
different changing forces (e.g. inertial force, gravity, drag force, drift, etc.); the motion of a single drop and the 
motion of the jet of drops obey different laws; the jet of drops contains drops of various diameters, and their motion 
is different from that of drops with the same diameter; drops deform and their size changes as they move (due to 
disintegration, evaporation/condensation, interaction with other drops or wall); the motion on small drops is in 
general unsteady. 
Some parameters are used to characterize the percentage of each phase in the dispersed flow.  They are:  
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The average distance is important to determine if a particle or droplet can be treated as an isolated element.  The 
spacing parameter is defined as:  
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where 
d
c
d
d
d Ck ρ
ρ
ρ
ρα == . For L/D >=10, individual droplets could be treated as isolated drops and the 
interaction from the neighbor can be neglected. 
For individual droplets, the response time to changes in flow velocity is important in establishing non-
dimensional parameters to characterize the flow.  Crowe et al. (1998) defines the aerodynamic drag as:  
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Then the equation of motion for a particle in a gas is given by:  
( )21
2 4D c
dv Dm C u v u v
dt
π ρ= − −  
where v is the particle velocity and u is the gas velocity.  Dispersed phase Reynolds number is defined as:  
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where ν is the kinetic viscosity of the mixture at the film conditions.  Then the droplet motion equation becomes:  
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For the limits of low Reynolds numbers (Stokes flow), the factor CDRer/24 approaches unity.  The other factor has 
dimensions of reciprocal time and defines the momentum response time as µ
ρτ
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We can see that the momentum response time is most sensitive to the particle size. 
The Stokes number is a very important parameter in fluid-particle flows, which is described as VV
F
St ττ= , 
where τF is some time characteristic of the flow field.  Table 2.1 shows several definition of stokes number.  As StV 
goes to 0, the particle velocity approaches the carrier phase velocity. As StV goes to ∞, the particle velocity 
approaches zero.  This means that the particle velocity is unaffected by the fluid. 
When droplets are dispersed in vapor flow, we also need to consider the coupling between two phases.  If 
one phase affects the other while there is no reverse effect, it is one-way coupled.  The flow is two-way coupled if 
there is a mutual effect between each phase.  If we neglect the mass coupling and energy coupling, momentum 
coupling results from the drag force on the dispersed and continuous phase.  Crowe et al. (1998) derives the equation 
of momentum coupling as 
mom
mom St
C
+=∏ 1 , where Stmom is the Stokes number for momentum transfer.  It shows 
that for small concentrations and large Stokes numbers, momentum coupling effects can be neglected. 
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Table 2.1 Summary of Stokes number definitions 
Reference Definition of stokes number Explanation of properties 
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τA is particle aerodynamic response time, τf is fluid time, 
d is particle diameter, u’ is the turbulence fluctuations, l is 
the Lagrangian microscale of turbulence 
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LV is an eddy length scale, UV is an eddy velocity scale. 
If τA<<τf, a particle will respond completely to 
the flow 
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δ is a measure of the local mixing layer thickness, ∆U is 
the difference in free stream velocities. 
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L is the average width of the large-scale structures, ∆U is 
the velocity difference between the two streams in a 
shear layer. 
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UVSt τ=  For flow through a nozzle, τV is momentum response time, U is flow velocity and DT is the throat diameter 
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τp is particle response time, τf is fluid response time. H is 
step height, U0 is centerline velocity, ρp is particle 
density, ρf is flow density, dp is particle diameter, µ is 
fluid kinematic viscosity. 
 
Yet, most of the work identified previously is focused on two-phase flow formed by a mixer or a heater, 
except for Fei et al. (2002); hence, their flow patterns are most likely slug flow or annular flow.  According to our 
best knowledge, there is no information about developing two-phase flow in the inlet tube after the expansion device 
found in the open literature.  There is little information of developing two-phase flow distribution in the header after 
the expansion valve.  There is little information about particle size and velocity or slip ratio after the expansion 
valve.  The simulation results of two-phase flow distribution are also scarce.  As a result, this research is carried out 
to study developing two-phase flow in manifolds under more realistic operating conditions. 
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Chapter 3. Two-Phase Flow Models for Simulation 
3.1 Introduction to Modeling Multiphase flows 
The working fluid in our experimental system is R134a, a typical refrigerant.  The models will be focused 
on the same fluid.  The flow studied is typical multiphase, of single component and two phases: gas and liquid.  It 
belongs to the gas-liquid flow category with the possible occurrence of droplets or bubbles.  
3.1.1 Approaches to two-phase flow modeling 
Two approaches are widely used on the numerical simulation of two-phase (or multiphase) flow, and they 
are: Eulerian-Lagrangian approach and Eulerian-Eulerian approach. 
The Eulerian-Lagrangian approach 
In this approach, the two phases are treated differently by calling the vapor phase continuous phase (or 
primary phase) and the liquid phase dispersed phase (or secondary phase), according to their flow characteristics.  
The continuous phase is treated as a continuum by solving the time-averaged Navier-Stokes equations, while the 
dispersed phase is solved by tracking a large number of particles, bubbles, or droplets through the calculated flow 
field.  The dispersed phase can exchange momentum, mass and energy with the continuous phase.  The model is 
valid based on a fundamental assumption, which is the volume fraction of the dispersed phase must be low for the 
vapor-liquid two-phase flow.  For droplet-vapor flow simulation, the Lagrangian approach is applicable to both 
dilute and dense flows.  In dilute flows, the time between particle-particle collisions is larger than the response time 
of the particles (or droplets) so that the motion of the particles is controlled by the particle fluid interaction, body 
forces and particle-wall collisions.  In a dense phase flow, the response time of the particles is longer than the time 
between collisions so that particle-particle interaction controls the dynamics of the particles but is also influenced by 
the hydrodynamic and body forces as well as particle-wall interaction.  As described by Crowe et al. (1998), if the 
flow is steady and dilute, a form of the Lagrangian approach known as the trajectory method is easy to implement.  
If the flow is unsteady and/or dense, the more general discrete element approach is necessary. 
The Eulerian-Eulerian approach 
In this approach, both phases are treated mathematically as interpenetrating continua. And each phase has 
its own volume fraction.  For example, the volume fraction of vapor is equivalent to void fraction, which is 
popularly used in the experimental studies.  These volume fractions are assumed to be continuous functions of space 
and time with total sum of one.  The conservation equations for each phase are derived to obtain a group of 
equations with similar structures for all phases.  Finally, these equations are closed by providing constitutive 
relations either from empirical information, or from the application of kinetic theory (in the case of granular flows).  
3.1.2 Three popular Eulerian-Eulerian models 
Since it is extremely important to understand the two-phase flow development for the distribution study, it 
is necessary to simulate the volume fraction distribution for each phase, which cannot be provided by the 
Lagrangian method.  So we focus on the Eulerian-Eulerian approach in this study.  There are three models currently 
used in this approach and the descriptions are referred from FLUENT 6 (2002). 
The VOF model 
A steady-state VOF (Volume of Fluid) model calculation is sensible only when the solution is independent 
of the initial conditions and there are distinct inflow boundaries for the individual phases.  So it is a surface-tracking 
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technique applied to a fixed Eulerian mesh and is designed for two or more immiscible fluids where the position of 
the interface between the fluids is of interest.  In this model, a single set of momentum equations is shared by two 
phases, and the volume fraction of each phase in each computational cell is tracked throughout the domain.  
The Mixture model 
This model can model two phases by solving the momentum equation and the continuity equation for the 
mixture, the volume fraction equation for the secondary phase, and an algebraic expression for the relative velocity.  
Since it does not assume an interface between two immiscible phases, it allows the phases to be interpenetrating, 
which means it can simulate droplet-vapor flow.  This model has better performance for the homogeneous two-
phase flow, or the flow with small relative velocities. 
The Eulerian model 
This model is the most complex model in the two-phase flow simulation.  It solves a set of n momentum 
and continuity equations for each phase.  Coupling is achieved through the pressure and interphase exchange 
coefficients.  The manner in which this coupling is handled depends upon the type of phases involved.  Momentum 
exchange between the phases is also dependent upon the type of mixture being modeled.  More details will be 
addressed in the following section. 
3.1.3 Application of two-phase models 
The first step of two-phase flow simulation is to determine which of the regimes or flow patterns can best 
represent observed flow.  For example, in this study, many flow patterns have been observed, such as: stratified 
flow, wavy flow, jet, mist flow, etc.  In order to concentrate on the study of the conditions, which provides better 
distribution, mist flow pattern (or small droplet flow pattern) is selected as the object to the simulation models.  In 
addition this flow pattern has been proven in current study to result in better convergence.  Based on this determined 
flow regime, the next step is to select an appropriate model, which can capture most of the phenomena in that flow 
regime.  Since the phases are mixed in the droplet flow and the dispersed phase volume fraction is larger than 10% 
in most cases, the difference between velocities of two phases is significant in some locations.  Based on that 
Eulerian model seems to be a better choice for the current simulation study.  
Meanwhile, the choice of the proper model is also influenced by some other effects, which are discussed in 
this section referring to Crowe et al. (1998). 
Effect of particulate loading 
Particulate loading β has a major impact on phase interactions.  It is defined as the mass density ratio of the 
dispersed phase (d) to that of the continuous phase (c): 
cc
dd
ρα
ραβ =  
If we assume void fraction of dispersed phase αd=0.1 (true in most conditions) void fraction of continuous 
phase αc=0.9, then β is about 4.7 for the two-phase flow in our study.  The material density ratio γ is: 
c
d
ρ
ργ = ,  
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which is about 42 for the droplet-vapor flow in our study.  Using these parameters, it is possible to estimate the 
average droplet spacing, which is the average distance between the individual particles.  Referring to Crowe et al. 
(1998), the definition of particle spacing is: 
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where k = β/γ.  Since in very low loading, the coupling between the phases is one-way (only the continuous phase 
influences the droplet via drag and turbulence, and no reverse influence).  In this case, both the Lagrangian and the 
Eulerian approach can handle this type of problem.  For intermediate loading, the coupling is two-way.  The models 
in Eulerian approach (such as VOF, mixture or Eulerian models) can handle this type of loading.  However, for high 
loading, there is two-way coupling plus particle pressure and viscous stresses due to particles (including particle-
fluid interaction, particle-particle interaction, particle-wall interaction).  In this case, only the Eulerian model in the 
Eulerian-Eulerian approach can handle this type of problem correctly.   
For example, Crowe et al. (1998) pointed out that for the gas-particle flow, if the loading is 1 and the 
particle spacing is around 10, these particles could be treated as isolated.  In this study, the loading is 4.7 and particle 
spacing is about 1.74 (even smaller in some conditions), so both intermediate and high loading may exist in our two-
phase flow.  
The effect of the Stokes number 
For systems with intermediate particulate loading (as in this study), estimating the value of the Stokes 
number is very helpful for the model selection.  As we have learned from the previous chapter the Stokes number is 
the relation between the particle response time and the fluid response time.  For St<<1.0, the particle can follow the 
gas flow closely so that the mixture model provides the best performance due to its simplicity.  However, from the 
experimental analysis (the results will be shown in the later chapters) the Stokes number in most conditions is larger 
than 1.0 so that the mixture model may not be appropriate.  Based on these analysis and other considerations 
(availability and convenience), the Eulerian model in the Eulerian-Eulerian approach is chosen for this study.  Other 
models for the Eulerian-Eulerian method were also investigated, but had shown difficulties in convergence.  The 
Eulerian model provided the best performance. 
Computational Fluid Dynamics has become a more and more important tool on providing the solutions to 
these multiphase models in recent years.  It is sometimes a good alternate of an experimental method with low cost 
and high efficiency.  There are several popular CFD codes available today: CFX, FLUENT, FIDAP, CFD-ACE, etc.  
They have their own methodologies in solving the multiphase flow models.  Some use control-volume approach, 
some use finite element method, while some use the control volume finite element method.  Pioneer works using 
CFX in a header structure were performed by Venugopal (2000) in ACRC project #96.  In this study, the focus is on 
FLUENT, which also has a predominant position in the multiphase flow market and is widely used in the R&D 
centers of industry.   
3.2 Introduction to FLUENT (refer to FLUENT 5 (1998) and FLUENT 6 (2002)) 
FLUENT is a state of the art computer program for modeling fluid flow and heat transfer in complex 
geometries.  It also has all the capabilities to solve the fluid flow problems that fall in a wide variety of categories 
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ranging from laminar flows in simple geometries to turbulent multiphase flows in complex geometries with heat 
transfer or problems in the HVAC/electronic packaging/turbomachinery industries.  FLUENT is written in the C 
computer language and makes full use of the flexibility and power offered by the language.  It has a Client-Server 
architecture, which enables it to run separate copies of the program in client desktop workstations with powerful 
servers, which act as the backend.  The interface of the solver is written in SCHEME, which is a dialect of the LISP 
language, which is in the forefront of all list processing applications. 
FLUENT also has several preprocessors like prePDF, GEOMESH, Tgrid, etc.  The most recent 
preprocessor from FLUENT Inc. is GAMBIT, which is a very powerful preprocessing tool for creating the geometry 
and for the mesh generation.  It allows the creation of 2D triangular/quadrilateral or 3D 
tetrahedral/hexahedral/pyramid/wedge or hybrid meshes in complex geometries.  It also has a top down solid 
modeling approach.  This helps to reduce the time spent in preprocessing and in setting up the geometry by using 
solid primitives.  These primitives can be used in a Boolean fashion to build the requisite geometry by 
joining/intersecting etc., which makes it a very efficient tool.  Hence, GAMBIT has been used for the present work.  
It also has facilities to import geometry and grid data from CAD/CAE packages like ANSYS, I-DEAS, NASTRAN, 
PATRAN and other similar ones popularly used in structural analysis applications.  Both these packages use 
standard models like the k-ε model for turbulence modeling, and the standard linear solvers like the line 
solver/ICCG/Stone’s method/multigrid solver etc.  Figure 3.1 shows the organizational structure of these 
components.  The various physical models used in both these packages have been described elsewhere in this report. 
FLUENT can use both structured and unstructured meshes to model the geometry of the domain.  The 
unstructured mesh can be applied to reduce the amount of time spent on generating meshes when modeling very 
complex geometries.  Normally, the computation based on structured mesh provides more accuracy and stability.  
Once the important features of the problem you want to solve have been determined, there are basic procedural steps 
to follow: 
1. Creating the model geometry and grid 
2. Starting the appropriate solver for 2D/3D modeling 
3. Importing the grid 
4. Checking the grid 
5. Selecting the solver formulation 
6. Defining physical models (especially for turbulent flow) 
7. Specifying fluid properties 
8. Specifying boundary conditions (we use velocity inlet and pressure outlet B.C) 
9. Adjusting solution controls 
10. Initializing the flow field 
11. Calculating a solution 
12. Examining the results 
13. Postprocessing the results 
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Figure 3.1 The organizational FLUENT program structure 
3.3 Platform Used for Simulation 
The simulations have been run on the SGI-Origin 2000 machine.  It is a distributed shared memory system 
with 1024 processors running on the MIPS R10000 based processors.  The operating system is Irix 6.4, which is 
based on the industry standard, which is the Unix system V (release 4).  The Unix version licensed to the NCSA has 
been used and the simulations have been run on both the interactive and batch modes on the Origin cluster.  
FLUENT can also be run on the Unix platform and also on Windows NT systems (version 3.51/version 4).  The 
Unix version of the software has been used again in the same cluster, in both interactive and batches modes.  Other 
machine specifications such as the clock speed, peak performance etc. can be seen from the website 
http://archive.ncsa.uiuc.edu/SCD/Hardware/Origin2000/TechSummary/ .  The mass storage system of the NCSA 
has been used to store the results of the simulations.  Authorized people can get the results files by ftp from the 
website http://mass.ncsa.uiuc.edu.  The coding required for specific problems such as file processing, random 
seeding of particles in the geometry for particle tracking etc. have been written to automate the batch submission 
process and the file handling to transfer files back and forth between the mass storage and the scratch space of the 
machine allocated to the process at run time by the scheduler.  The C shell has been used for the batch runs.  
Samples codes are shown in Appendix D. 
Terminal emulation software utilizing the X-windows technology called Exceed has been used to get the 
monitor output to the local machine which is a 1000 MHz Pentium class machine running Windows 2000.  The 
appropriate environmental variables and the display configurations have been set in the scripts to successfully 
transport the monitor output using the X-Windows technology.  A secure connection is established to the cluster 
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during the running of these simulations and postprocessing the results, using the kerberos technology, which 
provides a secure data transfer mechanism.  
3.4 The Eulerian Model in Eulerian-Eulerian Approach in FLUENT 6 (2002) 
In this section, the physics of the problem at hand is discussed by considering the equations that govern the 
system, which are Navier-Stokes equations.  The models used to provide the solution of these governing equations 
are also presented.  For the previous experimental studies on two-phase flow distribution, the difference of flow 
development between two-phase flow and single-phase flow is significantly explored.  So in this simulation study, 
instead of using single-phase model, where a single set of conservation equations for momentum and continuity is 
solved, a multiphase model is used by solving additional sets of conservation equations.  In the process of 
introducing additional sets of conservation equations, the original set must also be modified.  The modifications 
mainly involve the introduction of the volume fractions, in this case α for the vapor phase in the liquid-vapor two-
phase flow.  Meanwhile, the mechanism for the exchange of momentum between two phases also needs to be 
modified.   
3.4.1 Volume fractions 
Volume fractions, denoted as αq for phase q, represent the space occupied by each phase, and the laws of 
conservation of mass and momentum are satisfied by each phase individually.  The volume of phase q, Vq is defined 
by  
∫=
V
qq dVV α  
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=
=
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q
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1α , and in our case, αd + αc =1 
The effective density of phase q is: 
qqq ραρ =
∧
 
where ρq is the physical density of phase q. 
3.4.2 Conservation equations 
At first, we introduce the equations in general forms. 
Continuity equation 
The continuity equation for phase q is: 
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where qv
→
is the velocity of phase q and pqm
⋅
characterizes the mass transfer from the pth to qth phase.  From the 
mass conservation one can obtain qppq mm
⋅⋅ −=  and 0=⋅ ppm  
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Conservation of momentum 
The momentum balance for phase q yields: 
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where qτ  is the qth phase stress-strain tensor and is defined as: 
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where qµ and qλ  are the shear and bulk viscosity of phase q, qF
→
 is an external body force, qliftF ,
→
 is a lift force, 
qvmF ,
→
 is a virtual mass force, pqR
→
 is an interaction force between phases, and p is the pressure shared by all 
phases.  pqv
→
 is the interphase velocity, defined as follows.  If pqm
⋅
>0 (mass of phase p is transferred to phase q), 
then ppq vv
→→ = ; if pqm⋅ <0 (mass of phase q is transferred to phase p), then qpq vv →→ = ; and pqv→ . 
It is noted that momentum equation must be closed with appropriate expressions for the interphase force 
pqR
→
. This force depends on the friction, pressure, cohesion, and other effects, and is subject to the conditions that 
qppq RR
→→ −=  and 0=→ qqR . 
FLUENT uses a simple interaction term of the following form: 
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where pqK (= qpK ) is the interphase momentum exchange coefficient, which will be described in the following 
section. 
Lift forces 
For multiphase flows, FLUENT can include the effect of lift forces on the secondary phase particles 
(droplets or bubbles).  These lift forces act on a particle mainly due to velocity gradients in the primary-phase flow 
field.  This force is more significant for larger particles, but the FLUENT model assumes that the particle diameter is 
much smaller than the interparticle spacing.  Thus, the inclusion of lift forces is not appropriate for closely packed 
particles or for very small particles.  
Drew and Lahey (1993) defined the lift force acting on a secondary phase p in a primary phase q as: 
⎟⎠
⎞⎜⎝
⎛ ×∇×−−= →→→ qqppqlift vvvF αρ5.0  
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In most cases, the lift force is insignificant compared to the drag force, so there is no reason to include this 
extra term.  If the lift force is significant (e.g., if the phases separate quickly), it may be appropriate to include this 
term.  
Virtual mass force 
FLUENT includes the “virtual mass effect” when a secondary phase p accelerates relative to the primary 
phase q.  The inertia of the primary phase mass encountered by the accelerating particles (droplets or bubbles) exerts 
a “virtual mass force” on the particles, which is defined by Drew and Lahey (1993), shown as: 
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The term 
dt
dq  denotes the phase material time derivative of the form: 
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The virtual mass effect is significant when the secondary phase density is much smaller than the primary phase 
density (which does not happen in this study). 
3.4.3 Equations solved by FLUENT 
Continuity equation 
The volume fraction of each phase is calculated from a continuity equation as: 
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So, the solution of this equation for each secondary phase, along with ∑
=
=
n
q
q
1
1α  allows for the calculation of the 
primary phase volume fraction. 
Fluid-Fluid momentum equations 
Considering the gravity effect, the conservation of momentum for a fluid phase q is: 
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Fluid-Fluid exchange coefficient 
For fluid-fluid flows, each secondary phase is assumed to form droplets or bubbles.  The exchange 
coefficient for vapor-liquid mixtures can be written as: 
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where f is the drag function and there are different formulae based on different exchange coefficient models. τp is the 
particulate relaxation time in the form of: 
p
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where dp is the diameter of the bubbles or droplets of phase p. 
It is commonly known that all the definitions of drag function are related to the drag coefficient CD.  
Therefore a different format of CD results in different drag functions, and thus different exchange coefficient models.  
There are three commonly used coefficient models: Schiller and Naumann model; Morsi and Alexander model; 
symmetric model.  The first one can generally be applied to all fluid-fluid pairs of phases.  The second one adjusts 
the function definition frequently over a large range of Reynolds numbers, but the calculations may be less stable 
than the other models.  The symmetric model is recommended for flows in which the dispersed phase in one region 
of the domain becomes the continuous phase in another.  This model provides better performance in our study, since 
we observe liquid pooling in the manifold in which case the liquid phase becomes continuous phase in the pooling 
area.  So, we only concentrate on the description of the symmetric model. 
In the symmetric model, the exchange coefficient is redefined as: 
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ReDCf =  
where 
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and Re is the relative Reynolds number for the primary phase q and secondary phase p, which is defined as: 
q
pqpq dvv
µ
ρ →→ −
=Re  
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So, the extreme case is that the exchange coefficient is equal to zero, then the flow fields will be computed 
independently, with the only “interaction” being their complementary volume fractions within each computational 
cell. 
Turbulence models 
To describe the effects of turbulent fluctuations of velocities and scalar quantities in a single phase, 
FLUENT uses various types of closure models, such as standard k-ε model, Reynolds stress model, etc.  Comparing 
to the single-phase flow, the number of terms to be modeled in the momentum equations in multiphase flows is 
large, and this makes the modeling of turbulence in multiphase simulations extremely complex.  
FLUENT provides three methods for modeling turbulence in multiphase flows with the context of the k-ε 
models: mixture turbulence model; dispersed turbulence model; turbulence model for each phase.  The choice of 
model depends on the importance of the secondary-phase turbulence in the actual flow.  Since in the two-phase flow 
after the expansion valve, the turbulence transfer among the phases plays a dominant role, the turbulence model for 
each phase seems to be the appropriate choice.  In this model, FLUENT is solving a set of k and ε transport 
equations for each phase.  
As we know, the Reynolds stress tensor and turbulent viscosity are computed using the following form: 
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where qU
→
 is the phase-weighted velocity.  The turbulent viscosity qt ,µ  is written in terms of the turbulent kinetic 
energy of phase q: 
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where kq is the kinetic energy for phase q; εq is the dissipation rate for phase q; Cµ is a constant, and it is set 0.09 in 
FLUENT.  Then the turbulence predictions are obtained from the following two equations about kinetic energy and 
dissipation rate: 
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where εεεε σσ ,,,, 321 kCCC are some constant numbers. Gk,q is the production of turbulent kinetic energy.  And 
Clq and Cql are approximated as: 
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These are general equations for multi phases (especially multi secondary phases).  In this study, we have 
only one primary phase q (vapor) and one secondary phase p (liquid), so l  is actually p and pqlq ηη = , which is a 
ratio between two characteristic times.  The definition is: 
pqF
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where pqt ,τ  is the Lagrangian integral time scale calculated along particle trajectories mainly affected by the 
crossing-trajectory effect with the form 
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θ is the angle between the mean particle velocity and the mean relative velocity.  
pqF ,τ  is the characteristic particle relaxation time connected with inertial effects acting on a dispersed 
phase p is defined as: 
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where CV is the added-mass coefficient, which is a constant of 0.5. 
Due to the interphase turbulent momentum transfer, there is a modification on the previous turbulent drag 
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 and qU
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 are still phase-weighted velocities, and lqdrv ,
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 is the drift velocity for the dispersed phases.  For 
only one dispersed phase p, it is: 
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where Dp and Dq are diffusivities and FLUENT  will compute the diffusivities Dp and Dq directly from the transport 
equations.  Meanwhile, pqσ  is a constant value, 0.67 in FLUENT.  So by using these equations, the turbulence 
model for each phase accounts for the effect of the turbulence field of one phase on the other. 
3.5 Solution Methodology in FLUENT 
For Eulerian multiphase calculations, FLUENT uses Vasquez and Ivanov (2000)’s Phase Coupled SIMPLE 
(PC-SIMPLE) algorithm for the pressure-velocity coupling.  PC-SIMPLE is the extension of Patankar (1980)’s 
standard SIMPLE algorithm to multiphase flows.  The velocities are solved coupled by phases, but in a segregated 
fashion.  The block algebraic multigrid scheme used by the coupled solver referred from Weiss et al. (1999) is 
applied to solve a vector equation formed by the velocity components of all phases simultaneously.  Then, a pressure 
correction equation is built based on total volume continuity rather than mass continuity.  Pressure and velocities are 
then corrected in order to satisfy the continuity constraint. 
Pressure-Correction equation 
For incompressible multiphase flow, it is described as: 
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where 
→
'
kv  is the velocity correction for the kth phase and 
→
*
kv  is the value of 
→
kv  at the current iteration.  The 
velocity corrections are themselves expressed as function s of the pressure corrections. 
The additional constraint on the volume fractions arising due to the identity that their sum should be one, 
can be utilized to solve for the volume fractions in the control volumes.  The exact details of the algorithm are 
extensively documented in the literature and will not be explained in detail here. 
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Chapter 4. Test Facility and Measurements 
The new test loop in the ACRC laboratory at University of Illinois at Urbana-Champaign is built as part of 
this research.  The whole setup is constructed to exacting details of PDPA measurement and distribution 
measurement.   
The test facility is capable of performing both visualization study and single/two-phase distribution 
measurements.  The test section is also designed for the need of phase/Doppler particle analyzer (PDPA) droplet 
test.  The two-phase flow conditions can be changed adjusting the mass flow rates and inlet qualities as well as the 
inlet device dimensions and types.  The flexibilities of manifold connection and location are provided for further 
study on the effect of different orientations. 
4.1 General Description 
A distribution test loop has been constructed to simulate an actual refrigeration loop with R134a as the 
working fluid.  This loop can be operated for visualization, distribution measurement, and PDPA measurement.  
Figure 4.1 shows the schematic of this two-phase refrigerant flow distribution test loop.  The thick lines represent 
the two-phase flow path; the thin lines, the single-phase liquid flow path; and the dashed lines, the circuit of a 
single-phase vapor flow.  In order to investigate the maldistribution problems caused by inlet conditions, the heating 
load is not included downstream of the header and each branching tube has equal pressure drop.  The cycle of 
evaporation and condensation is utilized to create pressure difference in order to charge or empty R134a in the 
system.  Figure 4.2 shows the P-h diagram of the single/two-phase movement in the whole experiment setup.   
The operation conditions in this setup cover: the mass flux in the header of 10-100 kg/m2.s (e.g. the realistic 
mass flux in the header for GM plate evaporator is 50-100 kg/m2.s), and the inlet vapor quality at the inlet header of 
up to 40%.  A description of these activities and how the system works is included in the next sections. 
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Figure 4.1 System schematic 
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Figure 4.2 R134a P-h diagram along the whole experiment path 
4.2 Refrigerant Circuit 
The whole experiment circuit includes three main parts: refrigerant recycling loop, test section and 
distribution measurement loop. 
4.2.1 Refrigerant recycling loop 
In this loop, a Hydra-cell M-03 single-phase pump (shown in Figure 4.3) was used to provide the required 
driving force to overcome the system pressure resistance.  The speed controller is used to adjust the pump speed to 
provide a wide range of mass flow rate, from 10 to 150 g/s, or the mass flow rate in the generic header from 10 to 
100 kg/m2s, or mass flux in the inlet tube from 100 to over 3000 kg/m2s depending on what diameter of inlet tube is 
used.  With the help of the bypass valve at the outlet of the pump, the mass flow rate can be decreased to as small as 
1 g/s. In order to screen the vibration caused by the pump from the test section, Nixco dual-acting in-line desurger 
was installed at the outlet of the pump to attenuate the pressure pulsations by combing restraining orifices with the 
absorbing action of an expandable sleeve.  This sleeve is supported by the compressed gas and harmlessly dissipates 
the kinetic energy created when the velocity of the flowing fluid is suddenly changed.  The working fluid is R134a, 
which as a single-phase is very sensitive to the surrounding temperature and system pressures.  Because evaporation 
can easily occur at the inlet of the pump when the room temperature is suddenly increased higher than the saturation 
temperature for the system pressure or the system pressure is suddenly decreased lower than the saturation pressure 
for the system temperature, bubbles are observed sometimes in the sight glass at the inlet of the pump.  It is 
extremely important to adjust the condensation pressure to prevent these bubbles emerging during the pump’s 
running.  Once they go into the pump, the performance of the pump is deteriorated and large errors are created 
correspondingly. 
Micro motion’s ELITE CMF025 sensor is used working with the microprocessor based ELITE model 
RFT9739 transmitter, to directly measure the total mass flow rate and density of single-phase liquid, meanwhile 
creating low pressure drop.  
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Figure 4.3 Configuration of Hydra-cell M-03 single-phase pump 
The subcooling ahead of the expansion valve is adjusted by varying the electrical heat input of the heater, 
providing the desired quality of up to 40% after the expansion valve.  The heating system is composed of two bar 
heaters (1.1 kw each), which are put in the inner copper pipe with insulation wrapped outside of the outer copper 
pipe.  The R134a liquid flows in the space between the inner and outer pipes.  A transformer is used to control the 
voltages to the heater so that heat capacity added to the heater is adjustable. A watt transducer is used to measure the 
heat capacity in watts.  Figure 4.4 shows the structure of the heating system and connections. 
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Figure 4.4 Schematic of heating system 
Another novel design of the flow direction control setup is a three-way valve group.  Because there are five 
branches at the outlet of the header, it is very important to control the direction of these five liquid flows 
simultaneously.  Also there are two directions to go for the outlet flows after the manifold, one is back to the inlet of 
the pump in the recycling loop, the other is to the distribution measurement loop.  So, this three-way valve group is 
designed to realize this function.  Figure 4.5 shows how the handlers of these three-way valves are connected 
together with a control bar, which will move along a specified trail. 
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Figure 4.5 Schematic of three-way valve group   
In order to balance the ratio of vapor to liquid in the system to maintain the system pressure, a coaxial 
condenser is used at the inlet of the pump.  The extra vapor is condensed properly in the condenser by the water 
cooling loop using regular water/chilled water.  By adjusting the flow rate of water, the saturation temperature in the 
system and pressure in the header (condensation pressure) can be controlled.  
4.2.2 Test section 
Some experimental investigation and additional numerical simulations using FLUENT have been done on 
the developing two-phase flow distribution in a header of simplified geometry with 5 round outlets.  This header is 
later called a “generic header”, shown in Figure 4.6A.  It is a rectangular chamber (25.4×25.4×305 mm) covered by 
an aluminum structure and PVC plates to provide visualization study and PDPA measurement.  Transparent nylon 
hoses are used as downward branches in order to visualize the flow inside and make the header section mobile for 
PDPA measurement.  By the way, the inlet tubes used for the study of two-phase flow development after the 
expansion valve are PVC tubes of four diameters (15.3 mm, 12 mm, 8.7 mm, 6 mm).  
In order to relate the results obtained using the generic header to the distribution and flow patterns in the 
real plate evaporators, a new header is produced.  The header of a real plate evaporator with five plates in the first 
pass is cut and placed in the test section, see Figure 4.6B.  The header section is not insulated from the room 
atmosphere, and the saturation temperature in the header is close to the room temperature.  
Several inlet devices are used to provide different inlet conditions.  They are: round copper tubes with 
diameters of 3.2 mm, 6.4 mm, 9.5 mm; 1 mm plain orifice and two swirl atomizers.  In order to decrease the effects 
of inlet pipe length and phase separation, the distance (inlet tube length) between the expansion valve and the header 
in the current experimental setup shown here is 120 mm.  Since the condensation temperature is close to the room 
temperature, adiabatic developing two-phase flow is injected horizontally through the inlet device into the header 
after the expansion valve and then distributed into five downward branches.  The process across the expansion valve 
is isenthalpic, so the quality is calculated by the given pressure and temperature before the expansion valve and the 
saturation pressure after the expansion valve. 
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Figure 4.6 Configuration of the header: A---generic header; B---real plate evaporator 
4.2.3 Distribution measurement loop 
This loop is constructed to separate the two-phase flow out of the manifold and measure the liquid flow rate 
and vapor flow rate in each branch separately.  The two-phase flows in five branches go down to five big cylinders, 
where vapor is separated from the liquid.  During the measurement, the outlets of these cylinders are closed so that 
liquid is collected continuously with the time passing.  Before installation, those cylinders had been calibrated and 
new scaling was installed along the sight glass on the outside surface.  Then, the liquid flow rate is calculated by 
measuring the capacity of liquid for a given time.  
The measurement of vapor flow is a bit tricky.  Since only the vapor flow rate in one branch is measured at 
a time, the others go to the bypass pipes and storage vessels directly.  Another three-way valve group is designed to 
control the vapor flow direction in each branch.  Also, the vapor flow is very sensitive to the pressure change, 
although the pressure drop across the vapor flow is small.  The calibration of the vapor pressure drop in each path is 
finished from the header to the combined point of five vapor paths (same pressure drop is required for each path).  
Single phase N2 is used as the working fluid for this calibration.  The vapor measurement loop is shown in Figure 
4.7.  Ball valves are installed to provide additional holdup in order to balance the total pressure drop in each vapor 
path.  So the pressure difference of P1 and P2 is maintained the same in each branch for the same mass flow rate by 
adjusting those ball valves.  The switch of the three-way valve does not affect the system’s pressure drop. 
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Figure 4.7 Schematic of the vapor flow rate measurement loop 
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4.3 Data Acquisition System 
The data acquisition system used in this system is shown in Figure 4.8.  It is used to process signals for 
mass flow rate, density, vapor flow rate, heat capacity, pressure and temperature.  Direct datalogger communication 
programs in the datalogger support software (PC208W) provide menu selections of tools to perform the datalogger 
functions (e.g. set clock, send program, monitor measurements, and collect data).  Devices, which can be used to 
communicate with the CR23x, include standard ASCII terminals and computers programmed to function as a 
terminal emulator. The analysis program used to perform the data acquisition is created on a computer using 
EDLOG.  Data were recorded by multiplexes and a data logger once every second.  These data were then uploaded 
each 5 seconds to a desktop computer for storage and display.  Then voltage measurements were processed into the 
desired quantities and units according to the analysis program.  The PC208W software not only stores the 
measurement but also show the process curve vs. time.  The output is observed frequently to make sure the operation 
is in a safe range and whether the condition is in steady state.  The data source file is sent to Excel and processed 
automatically to display the distribution data in a final graphical form.  These results are then displayed as 
distribution bars which represent the flow distribution in the header. 
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Figure 4.8 CR23X Micrologger 
4.4 Operating Procedures 
The detailed operating procedure is as follows.  Before running the system, the first step is checking the 
valves in the system to make sure they are set in the proper status.  Next, it is better to set the speed controller at a 
low frequency (low speed) just for the sake of safety.  Figure 4.2 is used to describe the process of flow movement.  
Liquid R134a is pumped upward by the single-phase pump (8->1) and flows through a mass flow meter, which 
measures the total mass flow rate and density.  After that, liquid is heated to a state close to saturation (1->2).  Then 
single-phase liquid flow is expanded to two-phase flow by the expansion valve (2->3).  Since the condensation 
temperature is close to the room temperature, adiabatic developing two-phase flow is injected horizontally through 
the inlet device into the header after the expansion valve and then distributed into five downward branches.  Further 
expansion may be resulted from the inlet tube to the manifold (3->4) depending on the size of the inlet device.  
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At the beginning of the experiment, the three-way valve group directs the flow in one direction (recycling 
loop) to let flow go back to the storage vessels directly.  When the steady-state condition is attained, the valve group 
is moved to the other direction (distribution measurement loop) to start the test.  In the test loop, the two-phase 
R134a flow falls into the five cylinders, where vapor (5) is separated from liquid (6).  Liquid is collected in the 
cylinders and vapor flow rate is measured one branch at a time, while the others go to the bypass pipes and storage 
vessels directly.  These two phases may have some status change (such as vapor condensation) during the movement 
and will finally mix in the vessel A and B at the inlet of the pump (7’).  Extra vapor is condensed to liquid so that 
only pure liquid is maintained at the inlet of the pump (7’->8).  
4.5 Test Conditions 
The room temperature is set around 22o, which can be estimated as the saturation temperature in the header 
since it is not insulated from the room atmosphere.  All the transparent PVC structures are pressure tested to stand 
pressure up to 1 MPa.  All the circuit from the pump outlet to the expansion valve can stand pressure up to 3.5 MPa.  
Normally the pressure in the header is maintained around 655 kPa depending on the room temperature during the 
measurement.  Refrigerant flow rates are varied from 10 to 60 g/s according to the purpose of study, in some 
situations as low as 1 g/s.  The quality is varied from 0% to 35%.  Higher quality is very difficult to obtain using the 
expansion valve due to the difficulty of control (stable condition is difficult to realized because of the possibility of 
two-phase status occurring at the inlet of the expansion valve then choking). 
4.6 Flow Visualization Apparatus and Techniques 
For still images, a normal digital camera is used to take wide scope pictures of the flows in the whole 
manifold, and a CCD camera is used to provide high quality photos in a specified location such as the flow close to 
the inlet of the header.  A digital Sony videotape camera, running with normal shutter speeds is used to record and 
identify the flow patterns at any location in the test section.  The strobe light is placed behind the window of the 
manifold, providing background flashes with a high frequency (6000 Hz), which is fast enough to capture the 
instantaneous image of the droplets.  Thus, it will help provide a high quality effect similar to that of a high speed 
camera.  
Another apparatus being used to help provide better background light is the diffusion glass.  The light from 
a point light source can be diffused, transmitting a more uniformed background light. 
4.7 PDPA Measurement Techniques 
Laser Doppler Velocimetry (LDV) and Phase Doppler Particle Anemometry (PDPA) were used to provide 
measurement of droplet/particle size distribution and velocities, this was done by Chad Winkler.  The PDPA 
transmitter and receiver installed operate on the principle of scattered light from the intersection of two laser beams.  
Figure 4.9 shows the general setup of a PDPA system.  The validation rates for most of the data are over 75%. Some 
of them are around 90%.  To ensure correct statistics, typically 10,000 drops were sampled at each location, with no 
less than 5,000 drops sampled in more challenging measurement conditions. 
A He-Ne laser is passed through a diffraction grating, which splits the beam as well as provides a frequency 
shift to one beam that allows for the measurement of negative velocities.  The transmitter and receiver are installed 
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on both sides of the manifold so that the lasers can go directly through the windows.  The intersection is located at 
the desired test point.    
 
Figure 4.9 Schematic of PDPA setup and probe volume details 
At the intersection of the two laser beams, a probe volume is formed, which contains a fringe pattern due to 
the constructive/destructive wave nature of light.  As a spherical particle passes through the probe volume, it creates 
an image of a far field fringe pattern, which is detected by a receiver.  The spacing between these projected fringes is 
directly proportional to the drop diameter but also depends on the light wavelength, beam intersection angle, drop 
refractive index, and the location of the receiver.  The drop size measurement can be obtained from the accurate 
measurement of the spatial frequency of the interference pattern.  Since the fringe pattern will sweep past the 
detectors at the Doppler difference frequency, the velocity of the droplet can be computed from this frequency.  
Figure 4.10 illustrate the images of large and small drops in the probe volume.  More detailed description of the 
PDPA is referred to Bachalo and Houser (1984) and PDPA manual (1987). 
 
Figure 4.10 Fringe pattern details 
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4.8 Calibration and Accuracy 
Before looking at the accuracies of individual facilities, it is important to have an idea of the experiment 
measurement error by checking the liquid flow rates from two ways.  One is that liquid flow rate is measured from 
the capacity of collected liquid in a given time and the vapor flow rate is given by the reading of vapor flow meter.  
The other is obtaining total mass flow rate from the mass flow meter reading first.  Since isenthalpic process across 
the expansion valve can be used to calculate the quality x after the expansion given the temperature and pressure 
before the expansion valve and the pressure after the expansion valve, the liquid flow rate is obtained by multiplying 
the total mass flow rate and (1-x).  The methodology is shown in Figure 4.11.   Based on this methodology, the 
comparison between directly measured flow rates and calculated flow rates is show in Figure 4.12. 
From the experimental data, it is found that even the total mass flow rate is measured by the instrument 
with 0.1% FS accuracy, the comparison of the calculated liquid flow rate in the header (total flow rate×(1-x)) and 
the directly measured liquid flow rates from the collected liquid capacity for a given time can bring less than 10% 
difference.   
 m M M m MM L =  m M M•(1-x) 
m MMV =  m MM •x 
m lmeasured = m collected / ∆  τ 
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Figure 4.11 Thermal diagram of measuring mass flow rate 
mMM—total mass flow rate g/s; mMML—liquid mass flow rate g/s; mMMV—vapor mass flow rate g/s; mlmeasured—
measured liquid mass flow rate from cylinders g/s; mvmeasured—measured vapor mass flow rate from vapor flow 
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Figure 4.12 Calibration between directly measured flow rates and computed flow rates 
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On the other hand, the measurement error zone of flow development length is mainly resulted by the 
transient change of flow patterns discussed in Chapter 5.  The scale of this error zone is less than 10% of the 
measured flow region length.  Some other calibrations are also included in this section.  Figure 4.13 shows the 
calibration curve of the first cylinder for the liquid flow rate measurement.  By inputting the height of the liquid 
level, this curve is used to obtain the corresponding liquid volume such as cylinder 1. 
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Figure 4.13 Calibration of the liquid volume in cylinder 1 
Sensotec pressure transducers are used in this study to measure absolute pressures.  This model is designed 
for rugged industrial applications requiring high accuracy pressure measurements.  The reading is absolute pressure, 
and gage pressure units are built using Sensotec’s original “True Gage” design, which utilizes a second welded 
diaphragm that hermetically seals the strain gage circuitry while allowing the transducer to reference atmosphere 
pressure.  Figure 4.14 shows the calibration curve for one pressure transducer comparing with a standard one.  The 
thermal couple used in the system has an error range of ± 0.5 °C or ± 0.4% of the reading. 
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Figure 4.14 Sensotec pressure transducer calibration 
The nominal flow range of Micro Motion’s ELITE CMF 025 mass flow meter is 0 to 40 lb/min (0 to 1090 
kg/h), maximum flow rate is 80 lb/min (2180 kg/s).  Accuracy for liquid measurement is ± 0.10% ± [(zero stability / 
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flow rate) × 100]% of rate.  Repeatability for liquid is ± 0.05% ± [1/2(zero stability / flow rate) × 100]% of rate.  
ELITE CMF025 accuracy, turndown, and pressure drop are shown in Figure 4.15.  
 
Figure 4.15 Calibration for ELITE mass flow meter 
Pump performance is a vital part of the current system.  Figure 4.16 shows the relationship between the 
mass flow rate and RPM. Other facilities’ calibration certificates are kept to double check readings.  With a large 
number of measurements, the system error is below 10%, which is in the acceptable range. 
 
Figure 4.16 Pump performance 
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Chapter 5. Two-Phase Developing Flow in the Inlet Tube  
after the Expansion Valve 
The flow condition at the inlet to the header is one of the most important factors affecting the distribution in 
the manifold.  Inlet flow condition (velocities of each phase, void fraction, droplet size, etc…) is a function of 
operating conditions, inlet tube size and distance from the expansion valve, etc.  A few studies have been done to 
understand the influences of various inlet operating conditions (quality and mass flux) on distribution in headers of 
different geometries such as Rong et al. (1995), Bernoux et al. (2001), Tompkins et al. (2002), Vist and Pettersen 
(2002), Kim et al. (2003), Cho et al. (2003), etc.  However, to our best knowledge there is no information in open 
literature on the developing two-phase flow after the expansion valve, before the inlet of the header.  The objective 
of this chapter is to describe the two-phase flow development of R134a after the expansion valve.  Numerical 
simulation using Eulerian model in FLUENT 6 qualitatively showed good agreement with experiments for 
homogenous flow conditions.  It provides an additional tool for further studies of two-phase flow in different 
geometries.   
5.1 Introduction 
In the present study, a transparent test section was constructed in order to capture the detailed information 
of two-phase developing flow after the sudden expansion.  A number of descriptions of flow regimes and flow 
pattern maps have been developed for different situations in a significant number of studies.  However, since the 
two-phase flow after the expansion valve is in the developing status findings in these publications cannot be applied 
directly.  
Both bubble-liquid flow and droplet-vapor flow were found in the inlet tube under different quality 
conditions.  Based on the visualization results, the whole flow pattern regime is divided into three parts with 
individual properties.  Three flow regions (expansion, developing and developed region) are described according to 
their developing status, and the flow feature in each region is discussed separately.  The transitions among the three 
regions are of great interests.   In order to analyze the development lengths in each region, the criteria of flow 
transition are illustrated.  FLUENT 6 simulation results are presented in the form of volume fraction of liquid along 
the specified test lines with good agreement to the experimental results.  The proper usage of simulation tool can aid 
in design of a better header (or inlet) in order to obtain uniform distribution. 
5.2 Test Section 
The test section is composed of a 3m long transparent horizontal PVC tube in order to cover all the possible 
flow patterns in a tube between the expansion valve and the inlet of the header, which is called the inlet tube of the 
header.  R134a is used as the working fluid.  The main parameters related to the flow development in the inlet tube 
are: mass flow rate (mass flux), quality, inlet tube size and droplet diameter.  The connection between the PVC tube 
and the expansion valve is shown in Figure 5.1.  Experiments have been performed over a wide range of parameters: 
four diameters (6 mm, 8.7 mm, 12 mm, and 15.3 mm), qualities from 0.05 to 0.35, mass flow rate from 15g/s to 
40g/s (or mass flux from 136 kg/m2s to 884 kg/m2s).  
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Figure 5.1 Configuration of the expansion device and test section 
It is possible to distinguish the flow pattern by direct visualization in the transparent tubes at low velocities.  
But, in high speed flow conditions, the flow patterns are difficult to distinguish with the naked eye.  Analysis of 
video taped material helps in better understanding phenomena and flow regimes.  The strobe light was used to 
provide better quality of the images.  Experiments showed that 6000~8000Hz flash in the background of the tube 
provided the best quality.  Still images were captured by a normal digital camera.  The videos of the two-phase flow 
movement along the inlet tube were recorded for each condition.  
5.3 Two-phase Flow Regions after the Expansion Valve  
Numerous two-phase flow pattern data have been published or reported over years, including R11, R123, 
R134a, R502, etc.  However, these publications presented observations of the flow in the developed status.  In this 
study, focus is on the developing flow regime after the sudden adiabatic expansion across the valve.  Based on the 
visualization results in this study, the whole test section can be divided into three types of regions: expansion region, 
developing region and developed region.  Figure 5.2 shows the structure of these three regions.  Each region will be 
described in the text that follows. 
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Figure 5.2 Schematic view of the flow development after the expansion device 
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Figure 5.3 shows both visualization image and schematic drawing of the possible forces acting on droplets 
(used as an example), in order to indicate the mechanism of two-phase flow after expansion. 
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Figure 5.3 Mechanism of two-phase flow development after expansion with droplets 
Right after the expansion valve, the velocities of both phases are very close exhibiting homogenous flow 
pattern (slip ratio ≈1).  This flow pattern is unchanged (or no significant change) along a short distance after the 
expansion device and it is defined as the “expansion region”.  Gravity gradually tends to segregate liquid towards 
the bottom.  Due to the shear force (frictional interactions between each phase and with the pipe wall) and no-slip 
condition on the wall, the slip ratio is becoming larger and larger until vapor is separated from liquid flow.  The 
region in which significant separation occurs and ends is defined as the “developing region”.  The flow pattern in 
this region is changing continuously.  When two-phase flow starts to maintain its characteristics (stable void fraction 
on average along the tube length), this part is called the “developed region”.  Each region is addressed in detail 
separately.  
5.4 Two-phase Flow Development in the Expansion Region 
5.4.1 Flow patterns in the expansion region 
Due to the sudden expansion feature, the vaporization process may involve several possible physical 
phenomena, such as bubble formation, bubble breakup, ligament and droplet formation, droplet breakup, etc.  
Because the velocities of liquid and vapor are very close to each other in the expansion region, slip ratio is close to 
1.  This is referred to as a homogenous assumption in this study.  Under this assumption, the void fraction (α) can be 
derived for the given vapor quality (x) using following relationship: 
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where ug (uf), Wg (Wf), ρg (ρf)  are the initial velocity, mass flow rate, density of vapor (liquid).  Figure 5.4 shows 
the flow patterns observed in the expansion region with the change of quality/void fraction in the current study.  The 
circled regions are enlarged in images shown in Figure 5.5 and 5.6. 
 
 a. No expansion b. Bubbly flow c. Bubbly/Droplet flow d. Droplet mist flow  
 x<1%(α<0.3) 1%<x<10%(0.3<α<0.8) 10%<x<20%(0.8<α<0.9) x>20%(α>0.9)  
Figure 5.4 Observed flow patterns in the expansion region (d=12 mm) 
 
Figure 5.5 Zoom in the circled area in Figure 5.4b shows bubbles 
 
Figure 5.6 Zoom in the circled area in Figure 5.4d shows droplets 
In Figure 5.4a, void fraction is very low and only a small amount of vapor is generated from liquid and 
formed as bubbles.  These bubbles are distributed as discrete bubbles in a continuous liquid phase and driven to the 
top of the tube by buoyancy.  Swirl flow was observed in the small stream of bubbles as shown in Figure 5.4a as a 
sinusoidal wave.  It appears that it was a consequence of the valve design.  Then, the buoyancy force and surface 
tension force of viscous flow tend to damp out this disturbance.  With the increase of vapor quality or void fraction, 
the bubbly flow after the expansion is more homogenized as shown in Figure 5.4b and 5.5.  This is called the 
“bubbly expansion region”.  Figure 5.4c shows a transition pattern from bubbly flow to droplet flow when the vapor 
quality is increased further.  In this transition condition, it is difficult to distinguish the shapes between bubbles and 
droplets.  But the two-phase flow in this stage is still very homogenous.  
When the void fraction is higher than 0.9 (quality is higher than 20%), droplet flow is clearly visualized 
dispersing in the continuous vapor phase in the expansion region after the expansion valve, as shown in Figure 5.4d 
and 5.6.  This expansion region is called here the “mist expansion region”.  Also in Figure 5.6, distribution of the 
droplet diameters is in the wide range.  It includes very small “satellite” drops, which may follow the vapor flow 
differently according to their Stokes numbers.  The detailed discussion of bubbly flow and droplet flow are 
presented in the following section. 
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5.4.2 Bubbly expansion region 
When refrigerant R134a flows through the expansion valve, pressure suddenly drops, vaporizing some 
liquid.  The vapor formation within a pure liquid is shown initially by the presence of very small bubbles.  Bayvel 
and Orzechowski (1993) discussed the mechanism of bubble generation, and pointed out that a single bubble with 
radius R should satisfy the following equilibrium condition:  
(q-p)πR2 = σ(2πR) 
where q--bubble gas pressure; p--liquid pressure; σ--surface tension.  Since the pressure is decreased suddenly after 
the expansion, the vapor bubbles may not expand completely at the exit of the expansion valve due to high-speed 
movement of the flow.  So the phenomenon of bubble growth is observed along the main stream of two-phase flow, 
shown in Figures 5.7B and C.  This can also indicate that when the pressure within the bubble is less than the vapor 
saturation pressure of liquid, the vapor will diffuse from the liquid into the bubble under conditions of lower tensile 
strength of the vapor bubble.  Bubble breakup is observed in the downstream of the flow, as shown in Figure 5.7C.  
Finally vapor migrates to the top and liquid film is formed at the bottom. 
The fundamental forces acting on a growing bubble are liquid drag FD, buoyancy FB, surface tension Fσ, 
inertial force FI and centrifugal force FC, some of them are illustrated in Figure 5.7.  As said earlier the two-phase 
flow behaves like the homogenous flow immediately after the expansion valve, so that the liquid velocity is very 
close to the vapor velocity.  In this sense, the liquid drag can be neglected, which is a function of the relative 
velocity between two phases, shown as: 
FD=0.5ρlCDA⏐ul-vv⏐(ul-vv) 
The equilibrium is attained when the surface tension force can balance the inertial force, buoyancy and centrifugal 
force.  However, the bubble size is unstable due to the diffusion of vapor from liquid when the evaporation is not 
completed.  Then the size will keep growing until the equilibrium of the forces on the bubble is destroyed in the 
form of bubble breakup.  The process of bubble nucleation, growing and breakup after the expansion valve is shown 
in Figure 5.7A, B, and C.  
Starting from very low void fraction condition (α=0.174, based on homogenous flow assumption), only a 
few small bubbles are nucleated.  They tend to migrate towards to the top of the tube driven by the buoyancy force, 
while the lower portion of the channel carries the liquid.  With the void fraction is increased to 0.687, homogenous 
bubbles are filled in the expansion region and bubbles downstream are bigger than bubbles upstream indicating there 
is bubble growth in the tube.  Comparing Figure 5.7C to 5.7B, the inertial velocity is kept almost the same and void 
fraction is increased to 0.823.  Bigger bubbles are found in 5.7C at the same location as 5.7B.  Also, bubble breakup 
occurs earlier in 5.7C than in 5.7B.  As a result, the increase of void fraction tends to expand bubbles faster so that 
bubbles are broken up closer to the exit of the expansion device. 
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Figure 5.7 Bubble flow after the expansion valve 
A: u=0.17m/s, α=0.174 (d=12 mm, 20g/s, 0.5%); B: u=0.76m/s, α=0.687 (d=12 mm, 35g/s, 5%); C: u=0.72m/s, 
α=0.823 (d=12 mm, 20g/s, 10%) 
On the other hand, the relations of initial velocity and bubble breakup location are explored in Figure 5.8.  
Three conditions (Figure 5.8 D, E and F) are presented by images in vertical columns.  Two images for each 
condition in one vertical column present the flow patterns in different locations.  The top image shows the flow 
pattern at the inlet part of the tube after the expansion valve.  The bottom image shows the flow status at the location 
of bubble breakup.  Three conditions have fixed inlet qualities but different mass flow rate so that for these three 
conditions, void fractions are the same and initial velocities are different.  It indicates that bubble breakup location 
seems to move away from the exit of the expansion device with the increase of initial velocity.  On the other hand, 
with the increase of initial velocity, the bubble sizes at the same location in the top images are decreasing.  It appears 
that the bubble’s growing speed is small compared to the flow movement. 
D E F 
Location of bubble breakup
 
Figure 5.8 The relationship of bubble growth and initial velocity 
D: 0.32m/s, α=0.687 (d=12 mm, 15g/s, 5%); E: 0.43m/s, α=0.687 (d=12 mm, 20g/s, 5%); F: 0.54m/s, α=0.687 
(d=12 mm, 25g/s, 5%) 
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5.4.3 Droplet expansion region 
It was observed that the location of bubble breakup tends to move closer and closer to the exit of the 
expansion valve with the void fraction increasing.  Finally possible location of the bubble breakup could occur right 
at the exit of the expansion valve.  In order to testify this deduction, flow images in the expansion region under five 
different operating conditions are compared in Figure 5.9 a through e.  Mass flow rate is fixed at 25 g/s and only 
quality is varied.  With the increase of quality, void fraction is increased correspondingly and initial velocity is 
increased as well.  Although the bubble breakup is supposed to happen later with the increase of velocity (from 
0.5m/s to 1.99m/s), this trend is reversed with the increase of void fraction (from 0.687 to 0.933), since bigger 
bubbles are actually visualized earlier in image b than image a.  Especially when void fraction is 0.881 in image c, 
no obvious bubbles exist.  In image d and e, the void fraction is larger than 0.9 and only droplet flow is visualized in 
the tube.  This can be explained by the schematic drawing at the right bottom of Figure 5.9.  The increase of void 
fraction pulls the bubble breakup location to the exit of the expansion valve at which bubbles are broken up violently 
as vapor shoots out to find enough room to expand.  Meanwhile, the liquid ligaments existing in the gaps between 
bubbles are released to become drops.  Some of the larger drops created by this process are disintegrated further into 
smaller droplets by the sudden expansion of vapor.  From this point of view, this process is different from liquid 
atomization that is the one in which a liquid jet or sheet is disintegrated by the kinetic energy of the liquid itself, or 
by exposure to high-speed air or gas, or as a result of mechanical energy applied externally through a rotating or 
vibrating device.  Another point of view of the droplet formation in the expansion region is that initially bubbles are 
packed together with liquid filled in the gaps.  When void fraction is increased, the surfaces of bubbles touch each 
other until there is no room to grow.  Finally, these bubbles collapse so that vapor flow becomes the continuous 
phase in the header and the liquid in the gaps of bubbles form droplets dispersing in the vapor flow. 
a. 0.5m/s, α=0.687 
(25g/s, 5%) 
b. 0.9m/s, α=0.823 
(25g/s, 10%) 
c. 1.27m/s, α=0.881 
(25g/s, 15%) 
d. 1.63m/s, α=0.913 
(25g/s, 20%) 
e. 1.99m/s, α=0.933 
(25g/s, 25%) 
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Figure 5.9 Droplet flow formation and development under different initial velocity and void fraction (d=12 mm) 
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5.5 Two-phase Flow Development in the Developing Region 
The developing region is a transition stage from expansion region to the developed region.  Due to 
reduction of liquid velocity and elapsed time the gravity/ buoyancy becomes more dominant in the developing 
region so that significant phase separation occurs.  As a result, the flow patterns have continuous changes spatially 
and to some extent temporally.  
For the bubbly flow, buoyancy acceleration is dominant in the developing region.  Bubbles move to the top 
so that liquid between the bubbles moves to the bottom.  For droplet flow, the gravity acceleration is dominant in the 
developing region, which also drives liquid towards the bottom.  Both vertical movements can significantly change 
the flow patterns, as shown in Figure 5.10. 
 
  
 
a (x=1%) b (x=5%) 
c (x=10%) d (x=20%) 
Bubbles 
Droplets 
 
Figure 5.10 Flow patterns in the developing region 
Figure 5.10 presents four possible flow patterns with the change of quality/void fraction. Technically, there 
is no homogenous expansion region in the image a, because of the low void fraction.  With the increase of 
quality/void fraction, flow patterns change from bubbly flow (b) to big droplet flow (c), then to small droplet flow 
(d).  Most of drops are completely separated from the main stream of vapor flow to the bottom, and only a few 
satellite drops can float in the upper area of the tube, which can be explained by the small Stokes number.  Enlarged 
images are shown in Figure 5.11.  
Zoom in 
Small droplets 
Big droplets 
 
Figure 5.11 Zoomed droplet flow during the separation of two-phase flow 
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Comparing to the visualization of droplet flow in the expansion region, the images in the developing region 
become clearer.  This is because the droplet flow in the expansion region is very homogenous and dense so that the 
quality of image is blurry.  On the contrary, the droplet flow in the developing region is dilute due to the significant 
phase separation, so that the quality of image is increased.  This is another evidence of significant phase separation 
occurring in the developing region.  
A global visualization of the two-phase flow development in the expansion and developing region is shown 
in both Figure 5.12 and 5.13.  Five different conditions are shown in each Figure.  The changes of the flow patterns 
are obviously shown in these two Figures.  With the increase of inlet quality, bubbly flow tends to breakup, then 
droplet flow is formed and finally very fine droplets are observed when quality is increased further.  Due to the 
complexity of flow development change and difficulty of measuring the void fraction along the tube, numerical 
simulation (discussed later) is very helpful in providing additional information and more insight of the flow 
characteristics in this region. 
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Figure 5.12 Two-phase flow development as a function of void fraction for d=12 mm, and 20g/s (M—mass flux 
kg/m2s; x—quality; u—velocity m/s; α—void fraction) 
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Figure 5.13 Two-phase flow development as a function of void fraction for d=12 mm, and 30g/s (M—mass flux 
kg/m2s; x—quality; u—velocity m/s; α—void fraction) 
5.6 Two-phase Flow Development in the Developed Region 
When two-phase flow maintains its characteristic along the tube it is defined as developed two-phase flow.  
The main flow regimes described in previous studies include bubbly, slug/plug, stratified, wavy, annular and mist 
flow.  Regardless of the flow regime, once the flow is in developed status, the vapor tends to migrate toward the top 
of the tube while more of the liquid is accumulated in the lower portion of the tube after separation.  This is also 
observed in the two-phase flow after the expansion valve in the developed flow region.  Figure 5.14 shows all the 
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visualized flow patterns and schematic representations of flow regimes in the developed flow region.  These flow 
pattern images are taken under the same mass flow rate (30 g/s) condition in the 8.7 mm inlet tube. 
At very low quality (x<1%) condition, bubbly flow is often observed in the horizontal flow.  As shown in 
Figure 5.14, the bubbles flow mainly in the upper portion of the tube driven by the buoyancy force.  As the 
quality/void fraction is increasing (x=2%), coalescence of small bubbles produces larger plug-type bubbles in the 
upper portion of the tube.  This is called plug flow regime.  Stratified flow is observed at quality of 8%.  In this 
regime liquid flow at the bottom of the tube is completely separated from the vapor on the top by keeping a 
relatively stable smooth interface.  Actually, there is another flow pattern observed before the pure stratified flow 
when quality is 5%.  Although the interface is not flat, it is still smooth without disturbed waves.  So it is not the 
wavy flow defined by Collier and Thome (1996).  This flow pattern is called unstable stratified flow in this study.   
When the quality reaches 10% in Figure 5.14, the vapor velocity increases so that the interface becomes 
disturbed by waves traveling in the direction of flow and wavy flow is formed.  When void fraction/quality increases 
further, the previous wavy flow pattern appears to be affected by the turbulent disturbance from the expansion valve 
orifice, such as the flow patterns in Figure 5.14 when quality is in the range of 15% to 25%.  The mechanism could 
be explained as disturbance transferred to the vapor flow in the developed region, creates stronger vapor shear on the 
interface.  As a result, there exists non-uniform pressure distribution across the interface.  Any unstable change of 
the pressure close to the interface of two phases may create some evaporation or condensation.  This could explain 
the kind of evaporation like phenomena in a region across the interface between vapor flow and liquid.  
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Figure 5.14 Flow patterns and schematic representations of flow regimes observed in developed two-phase flow 
region in a horizontal tube (d=8.7 mm; 501 kg/m2s (30g/s); quality: 0.01% ~ 30%; void fraction: 0.004 ~ 0.947) 
When quality is increased further (x=30%), the disturbed interface is also accompanied by the crest of the 
waves toward to the top of the tube, a typical feature of intermittent flow as described by Hetsroni (1982).  The 
amplitude of this unstable interface region may grow as the void fraction increases further.  This stage of flow 
regime is called here intermittent flow.  For the discussed conditions, buoyancy effects may tend to thin the liquid 
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film on the top portion of the tube wall and thicken it at the bottom.  The strong vapor shear may also result in 
significant entrainment of liquid in the vapor core.  Then, the two-phase seems to change to the annular flow pattern, 
which is not visualized in the current conditions in this study.  After the phase separation in the developing region, 
the interface between phases becomes more stable and distinguishable.  Since liquid is more viscous a no-slip 
condition on the wall slows it down in a larger degree comparing to vapor flow.  In order to analyze the void fraction 
distribution in the developed region more quantitatively, the methodology in VDI map construction, described in 
Kattan (1996), is applied to calculate the void fraction.  
As shown in Figure 5.15, PL is the wetted part of the perimeter while PV is the complementary perimeter 
part in contact with vapor.  Similarly AL and AV are the corresponding cross-sectional area and Pi is the phase 
interface.  Six dimensionless variables need to be defined: 
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The dimensionless peripheral and cross-sectional area variables that are required for analysis, can be derived from 
the geometry for a given height “h” of liquid or for a given reference liquid level h/D.  
For hLd ≤ 0.5: 
( ) ( )( )( ) LdvdLdLdLdLd PPhhhP −=−−= π,3/128 5.05.0  
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Figure 5.15 Cross-sectional and peripheral fraction in a circular tube 
Using the experimental results for the 8.7 mm inlet tube, the interface is measured to calculate the ratio of 
the liquid height over the tube diameter.  Applying the introduced models above, the void fraction and slip velocity 
can be computed for each phase in the developed region.  Meanwhile, the void fraction and slip ratio in the 
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expansion region are computed based on the homogenous assumption.  However, the void fraction and slip ratio are 
unknown in the developing region.  But for the two-phase developing flow in a horizontal tube, the gravity and 
buoyancy force consistently affect the two-phase flow development resulting in phase separation.  So the void 
fraction and slip ratio range in the developing region should be located between the results of the other two regions.  
Further study need to be done to find out the form of this transition.  The development of void fraction and slip ratio 
in three main regions are presented together in Figure 5.16 for the experiments conducted in tube of 8.7 mm 
diameter.   
Since the slip ratio is inversely proportional to the void fraction, the slip ratio in the developed region is 
larger than one so that the void fraction in the developed region is smaller than the one in the expansion region.  For 
the void fraction distribution in the developed region, void fraction increases with the increase of mass flux.  With 
the increase of quality, void fraction is increased as well, but in a much larger scale.  On the other hand, the effect of 
mass flux on void fraction is significant in low quality (5%) conditions, but less significant in high quality (30%) 
conditions.  The same relationship is found in the expansion region.  Slip ratio decreases with the increase of mass 
flux in the developed region.  With the increase of quality, slip ratio is decreased as well.  In the high quality 
condition (x=30%), slip ratio is close to 1 and influence of mass flux is not significant. 
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Figure 5.16 Void fraction and slip ratio in the developed region (d=8.7 mm) 
Figure 5.17 presents slip ratio results in another way.  If liquid and vapor flow have the same velocity (slip 
ratio=1), the data points should lie on the line with slope equal to one, but all data show higher vapor velocity.  With 
the increase of vapor or liquid velocity, the data tend to diverge from the slope=1 line inversely proportional to inlet 
quality.  It appears that the slip ratio is a weak function of mass flux and quality when quality is higher than 30%. 
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Figure 5.17 Comparison of liquid and vapor velocities in the developed region (d=8.7 mm) 
Once the height ratio h/D can be measured in the experiments, the void fraction is computable by applying 
the VDI model shown earlier.  This method can also be applied to analyze the transition process in the developing 
region when interface is measurable.  For the flow development in 15.3 mm tube, the flow pattern change is very 
slow and interface is easy to distinguish, especially in low mass flux and quality conditions. A sample condition, 265 
kg/m2s and 5%, is selected to provide a better visualization image for the measurement of interface even in the 
developing region.  The void fraction and slip velocity are plotted along the tube length in Figure 5.18.  The vapor 
velocity deviates from liquid velocity along the tube length.  The void fraction and slip ratio are inversely 
proportional as presented in the same figure.  The curvature of the void fraction distribution along the tube length is 
a mirror image of the curvature of the interface in the photo. 
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Figure 5.18 Correlation between the interface curve with void fraction and slip ratio for the condition of d=15.3 
mm, 265 kg/m2s, 0.65m/s, α=0.687, 30g/s, 5% 
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5.7 The Criteria of Defining the Transitions Among Three Regions 
It is necessary to first define criteria for transition from one region to another prior to determining the 
lengths for each of them under different conditions.  Some unsteadiness was observed so that each transition 
happens in the region rather than in the fixed position.  
The first task is to define the transition between the expansion and the developing region.  Three criteria are 
applied to droplet flow and bubbly flow for this purpose.  Figure 5.19 shows the droplet flow images in 12 mm inlet 
tube under the condition of 177kg/m2s (20g/s) and 25% at three different times.  Criteria 1 and 2 are presented to 
capture the transition zone due to the un-stability of this droplet flow pattern.  The first criterion is significant 
change of drop density close to the top of the tube as the evidence of phase separation.  The starting point varies in 
an area between the red lines in Figure 5.19, which is considered as the transition zone for this measure.  The lower 
bound and the upper bound are found to be 100 mm and 111 mm, which are shown as the error range in the plot of 
expansion region length (Figures 5.22 to 5.33).  The corresponding errors for the measurement of flow development 
lengths are less than 10% in most conditions. 
Meanwhile, clear liquid film is visualized at the bottom of the tube later on.  This is another strong 
evidence of the beginning of phase separation, which is counted as criterion 2.  The similar transition zone is found 
between two red lines for this measure with lower bound 129 mm and upper bound 142 mm.  The location for 
criterion 2 is found to be farther from the one for criterion 1.  The reason for using two criteria for droplet flow is: 
for some conditions, especially in very small inlet tubes (e.g. 6 mm), the flow moves so fast that the drop density 
change is very difficult to distinguish.  But the location of liquid film formation is more convenient to measure.  In 
these situations, criterion 2 is the important alternate to more accurately distinguish the expansion from developing 
region.  
For bubbly flow, liquid film at the bottom almost always occurs first.  It is defined as criterion 3 and is used 
to distinguish bubbly expansion region and developing region, as shown in Figure 5.20 for the 12 mm tube under the 
condition of 309kg/m2s (35g/s) and 10% at three moments.  The transition zone is located between the two red lines 
where the liquid film formation starts.  The lower bound 61 mm and upper bound 74 mm are presented as the error 
bar in the plot of expansion region length (Figures 5.22 to 5.33).  The criterion 4 of distinguishing the developing 
region and developed region is presented in Figure 5.21.  It shows the flow image of a clear transition to developed 
region in 15.3 mm tube under the condition of 164 kg/m2s (40g/s) and 15%.  This criterion is the absence of 
significant changes in flow pattern along the length of the tube.  
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Figure 5.19 Criterion 1 and 2 for droplet flow transition zone from expansion region to developing region 
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Figure 5.20 Criterion 3 for bubbly flow transition zone from expansion region to developing region 
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Figure 5.21 Criterion 4 for the transition zone from developing to developed region d=15.3 mm, 164 kg/m2s 
(40g/s), 15% 
5.8 Lengths of Three Regions in Flow Development  
Following section presents experimental data for lengths of three regions in flow development for four tube 
diameters and for various inlet conditions.  Criteria are described earlier in section 5.7.   The errors of distance 
measurements are below 10%. 
In Figure 5.22, the length of the expansion region is measured from the inlet of the 15.3 mm inlet tube.  The 
results show that the influence on the length of the expansion region by the mass flux is not important.  However, 
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the increase of quality results in significant increase of expansion region length.  This increase has larger magnitude 
in low quality (5%) conditions than high quality (30%) conditions.  
Figure 5.23, presents the length of the expansion region for the same tube based on the criterion 2 (phase 
separation at the bottom).  It shows that the film is formed a little bit later at the bottom than vapor on the top 
(lengths are longer than the ones using criterion 1).  Expansion region prolongs as mass flux increases, and is 
significantly longer as the quality increases.  
In Figure 5.24, the developing length is measure from the 15.3 mm tube inlet.  It shows strong influences of 
both mass flux and quality on the length of developing region.  It means that complete phase separation is 
significantly prolonged with the increase of mass flux or quality.   
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Figure 5.22 Length of expansion region from the inlet of tube (d=15.3 mm) based on criterion 1 (phase 
separation on the top) 
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Figure 5.23 Length of expansion region from the inlet of tube (d=15.3 mm) based on criterion 2 or 3 (phase 
separation at the bottom) 
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Figure 5.24 Length of expansion + developing region from the inlet of tube (d=15.3 mm) based on criterion 4 
Similarly, the following graphs from Figure 5.25 to 5.33 show the same phenomena in the other three 
diameter tubes.  They have the similar trend as found in the 15.3 mm inlet tube and larger mass flux conditions are 
available due to the decrease of tube diameter.  
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Figure 5.25 Length of expansion region from the inlet of tube (d=12 mm) based on criterion 1 (phase separation 
on the top) 
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Figure 5.26 Length of expansion region from the inlet of tube (d=12 mm) based on criterion 2 or 3 (phase 
separation at the bottom) 
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Figure 5.27 Length of expansion + developing region from the inlet of tube (d=12 mm) based on criterion 4 
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Figure 5.28 Length of expansion region from the inlet of tube (d=8.7 mm) based on criterion 1 (phase separation 
on the top) 
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Figure 5.29 Length of expansion region from the inlet of tube (d=8.7 mm) based on criterion 2 or 3 (phase 
separation at the bottom) 
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Figure 5.30 Length of expansion + developing region from the inlet of tube (d=8.7 mm) based on criterion 4 
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Figure 5.31 Length of expansion region from the inlet of tube (d=6 mm) based on criterion 1 (phase separation 
on the top) 
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Figure 5.32 Length of expansion region from the inlet of tube (d=6 mm) based on criterion 2 or 3 (phase 
separation at the bottom) 
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Figure 5.33 Length of expansion + developing region from the inlet of tube (d=6 mm) based on criterion 4 
In order to summarize the effect of inlet conditions and tube diameter on the flow development, all the 
length data are plotted in Figures 5.34 to 5.36.  The lengths are defined as the mean value of transition zone without 
the error bars.  Four colors are used to represent four tube diameters.  Figure 5.34 again shows that the effect on the 
expansion region length by the mass flux is less significant compared to quality.  Quality has much more influence 
in the lower quality conditions than higher quality conditions.  The tube diameter has no significant influence on the 
expansion region length except for the 5% quality condition in the same mass flux and quality conditions. 
Figure 5.35, depicts some influence of the mass flux on expansion length measured based on phase 
separation at the bottom (liquid film formation).  Similarly, liquid is separated later at higher qualities.  The graph 
  64
indicates that the tube diameter affects location of liquid film occurrence at the bottom.  Figure 5.36, shows the 
developing flow region length is strongly influenced by mass flux as well as quality.  Again, the tube diameter 
affects the length of the developing flow region. 
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Figure 5.34 Length of expansion region from the inlet of tube based on criterion 1 (phase separation on the top) 
Blue—15.3 mm; Pink—12 mm; Green—8.7 mm; Red—6 mm 
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Figure 5.35 Length of the start of liquid film at the bottom from the inlet of tube based on criterion 2 or 3 (phase 
separation at the bottom) 
Blue—15.3 mm; Pink—12 mm; Green—8.7 mm; Red—6 mm 
  65
50
150
250
350
450
100 200 300 400 500 600 700 800 900
Mass flux  kg/s.m^2
D
is
ta
nc
e 
fr
om
 th
e 
in
le
t o
f t
ub
e 
 m
m
5% 10% 15% 20% 25% 30%
5% 10% 15% 20% 25% 30%
5% 10% 15% 20% 25% 30%
5% 10% 15% 20% 25% 30%
 
Figure 5.36 Length of expansion + developing region from the inlet of tube based on criterion 4  
Blue—15.3 mm; Pink—12 mm; Green—8.7 mm; Red—6 mm 
The forces that determine development length for expansion and developing regions could be taken into 
account by engineering parameters, such as mass flux, quality and tube diameter.  Based on the results shown in 
Figures 5.34 to 5.36, empirical regression models for the flow development length as a function of these three 
factors (mass flux, quality and tube diameter) are developed.  This relationship is assumed to be in the form: 
321 bbb dxGaL ×××=  
where, L is the development length, G is mass flux, x is inlet quality, d is tube diameter, a, b1, b2 and b3 are the 
coefficients to be estimated.  In order to determine the power coefficients for each parameter, this equation is 
modified by: 
)ln(3)ln(2)ln(10)ln( dbxbGbbL ×+×+×+=  
Three lengths are defined:  
• L1 as length of expansion region from the tube inlet based on criterion 1 (phase separation on the 
top);  
• L2 as length based on the start of liquid film at the bottom (phase separation based on criterion 2 for 
droplet flow and 3 for bubbly flow); 
• L3 as length of expansion plus developing region from the tube inlet based on criterion 4 (flow 
pattern maintains its characteristics).   
Using linear regression in SAS program, the estimated results are shown: 
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where the number in the parenthesis is t-test result for each coefficient above it.  All the estimated coefficients are 
significant comparing to 1.96 (95% confidence interval) with one low value for ln(d) of L1, which is only 2.142.  
This indicates that the relationship between L1 and d is not very significant, which is consistent with the finding 
from Figure 5.34.  The test result for ln(G) of L3 is 24.728, which is much larger than 7.087 for L1.  It means that 
relationship between L3 and G is more significant than L1 and G.  This trend is also shown in Figure 5.36 that mass 
flux has strong effect on the developing region length. 
Based on the estimated coefficients from the upper equations, explicit equations are shown as: 
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In order to improve the accuracy of regression, additional interception parts are added to the models.  The power of 
each parameter is kept the same and another linear regression is applied to have the following estimation: 
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Further investigations are needed to include other fluids to expand basis for introduction of thermophysical 
properties in the model as well as exploration of a model based on first principles.  
5.9 Two-phase Flow Maps  
5.9.1 Two-phase flow pattern map in the expansion region 
Two kinds of flow patterns in the expansion region were observed: bubbly flow and droplet mist flow.  
Droplet flow is formed when the bubble breakup occurs at the exit of the expansion valve.  With the increase of 
quality, bubble breakup tends to happen earlier while with the increase of initial velocity, bubble breakup tends to 
happen later.  The flow patterns for 12 mm tube in the expansion region are shown in Figure 5.37.  
The flow pattern maps in the expansion region appear to be independent of tube diameter based on the 
trend shown in Figure 5.34.  Since it is very difficult to distinguish different flow patterns and describe them in the 
developing region, this is skipped and focus is placed on the map construction in the developed region. 
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Figure 5.37 Flow pattern map in the expansion region (d=12 mm) 
5.9.2 Two-phase flow pattern map in the developed region 
The history of the two-phase flow pattern maps has been shown in the Chapter 2, starting from Taitel and 
Dukler (1976) to the most recent studies by Kattan et al. (1998) and Thome and Hajal (2002).  Based on the 
definition of the geometrical dimensions of a stratified flow in Figure 5.15, Thome and Favrat (1998) uses Rouhani-
Axelsson drift flux model for the void fraction calculation, which is shown in the following: 
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The Rouhani correlation is widely used in flow boiling models and was tested for different refrigerants.  
Then, from the cross-sectional area of the tube A, the values of AL, AV, ALd and AVd can be directly determined as 
following: 
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Since the stratified angle of the dry perimeter of the tube θstrat in Figure 5.15 is the only unknown parameter, which 
is computed through iteration using the following geometrically defined equations: 
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In order to compare the experimental data (flow patterns in the developed region) with the empirical models, the 
most recently updated expression of Zurcher et al. (1999) for the transition curves between different flow pattern 
regions is used. 
  68
Starting from low quality and low mass flux conditions, examine first the transition curve from bubbly flow 
to fully stratified flow (Gbubbly is in kg/m2s): 
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Then the transition curve from fully stratified flow to stratified-wavy flow is (Gstrat is in kg/m2s): 
( ) ( )
( ) xxx
gAA
G LVLVVdLdstrat 201
3.226 3
1
32
22
+⎪⎭
⎪⎬⎫⎪⎩
⎪⎨⎧ −
−= π
µρρρ
 
Similarly, the transition curve between stratified-way flow and intermittent and annular flow is determined using the 
following model (Gwavy is in kg/m2s): 
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The transition between intermittent flow and annular flow is determined by the original method, which is setting the 
Martinelli parameter Xtt equal to 0.34: 
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Note that this transition intersects the transition curve of Gwavy at its lower boundary and the upper boundary is the 
intersection with the transition curve of Gmist, which is defined as following (Gmist is in kg/m2s): 
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where, the ratio of the liquid Weber number to the liquid Froude number is given by 
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and the friction factor is given by the equation: 
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Since in the flow pattern models of Thome (2002), heat transfer is also considered so that the non-dimensional 
empirical components F1(q) and F2(q) are expressed as: 
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These are added to the Gwavy boundary equation to include the effect of heat flux on the onset of dryout of the 
annular flow.  The critical heat flux qcrit is determined using the Kutateladze(1948) correlation to normalize the local 
heat flux: 
( )[ ]412/1131.0 σρρρ VLLVVcrit ghq −=  
It is important to notice that the two-phase flow process in this inlet tube after the expansion valve is an 
adiabatic process so that the local heat transfer q is 0.  Hajal et al. (2003) presented the model for the condensation 
conditions.  The heat flux effect on dryout is not required for condensation and hence q=0.  Then, the values of F1(q) 
and F2(q) become 0 and 1.023, respectively.  Also for the operational conditions in this study, the bubbly flow 
pattern seldom occurs in the developed region and it is not very meaningful looking at very low quality conditions, 
thus some changes were made to Thome (2002)’s new flow pattern map and plot only the curves of Gstrat, Gwavy, XIA, 
Gmist in the following graphs.  
To better identify the flow patterns for different evaporation status at different mass velocities, Zurcher et 
al. (1999)’s updated models for different transition curves are applied in a new map in terms of mass velocity/mass 
flux versus vapor quality.  It is an improved two-phase flow pattern map, which is proposed by modification of the 
VDI map.  With this new representation, it is feasible to follow the change in flow pattern during the quality change 
of a refrigerant at a fixed mass velocity, which is useful for interpreting the effects on the flow pattern change by 
both vapor flow and mass velocity.  This new format of flow pattern map is first seen in Kattan (1999)’s thesis, 
which has profound meaning as a useful research and design tool.  
In Figure 5.38, those transition curves between different flow patterns are drawn for d=15.3 mm inlet tube 
and q=0 kw/m2.  Then adding the visualization data into this plot to check the fitness between the experimental data 
and the prediction from the model.  It is seen that almost all the flow patterns observed under the conditions for this 
diameter are stratified wavy flow due to the low mass velocity (low initial velocity).  These data fit well in the area 
predicted by the model.  
In Figure 5.39, transition curves between different flow patterns are drawn for d=12 mm inlet tube and q=0 
kw/m2.  The experimental data for this study have a relatively larger range of mass flux.  At high vapor quality 
(>20%) and the mass velocity varying from 300 to 400 kg/m2s, a transition from stratified-wavy flow to the 
intermittent flow with partial dryout can be observed. 
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Figure 5.38 Flow pattern data of 15.3 mm inlet tube fitting Thome (2002)’s map 
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Figure 5.39 Flow pattern data of 12 mm inlet tube fit well in Thome (2002)’s map 
Similarly, in Figure 5.40 and 5.41, transition curves are plotted for smaller inlet tubes so that the mass 
flux/mass velocity can attain a much larger range for the current test loop.  Correspondingly, most intermittent flow 
patterns are observed for these two small inlet tubes. 
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Figure 5.40 Flow pattern data of 8.7 mm inlet tube fitting Thome (2002)’s map 
d=6mm  T_sat=22C G=200 and 500 kg/s.m^2  q=0kw/m^2
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Figure 5.41 Flow pattern data of 6 mm inlet tube fitting Thome (2002)’s map 
Although there are some biased results (i.e. 6 mm tube) between experimental results and the model 
prediction, the difference is small and most flow pattern changes are captured by this new flow pattern map.  From 
this point of view, the Zurcher et al. (1999)’s transition models and Thome (2002)’s new map are good tools to 
characterize the two-phase flow in the developed region. 
5.10 Stokes Number Analysis of Droplet Flow 
As introduced in Chapter 3, not all the droplets follow the same trajectory driven by the gravity.  Stokes 
number characterizes this phenomenon.  The concept of Stokes number, first proposed by Crowe et al. (1988), for 
the particle dispersion in a shear layer is illustrated in Figure 5.42.  Particles, which are very small, follow the fluid 
motion and the particles will disperse as the fluid elements.  On the other hand, large particles are less affected by 
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the fluid motion.  That is why some satellite drops were observed floating on the top even when most of liquid was 
separated from vapor and accumulated at the bottom.  The Stokes number is described as (referring to Crowe et al. 
(1998)):  
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Figure 5.42 Effect of Stokes number on particle dispersion 
In order to have an idea about the range of Stokes numbers in this study, all the flow conditions for four 
tube diameters were organized and the initial velocity was calculated for each condition based on the homogenous 
assumption at the exit of the expansion valve.  According to the droplet size distribution obtained from the PDPA 
measurement, a wide range of drop diameters are used from 50 to 430 microns to calculate the Stokes number (St).  
Recalling that there are several formats of Stokes equations mentioned in Chapter 3, the definition by Fessler and 
Eaton (1999) is used, which has the closest condition in this study.  Since the droplet flow in this study develops 
from homogenous flow, in which case slip ratio is close to 1 in the horizontal direction.  The influence on the 
particle response time by the drag force is negligible.  So for small particles, Stokes in 1851 showed that the particle 
time constant is  
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where ρp, ρf –density of droplet and vapor, dp—droplet diameter, µf—viscosity of vapor.  
The fluid time scale chosen, τf, was based on an approximate large-eddy passing frequency in the separated 
shear layer,  
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H
f =τ  
where H is the step height (radius of the tube) and U0 is the channel centerline velocity.  
Results of initial PDPA measurements on R134a flow in the header presented by Fei and Winkler (2000) 
are droplet diameter and droplet velocity profile shown in Figure 5.43 and 5.44.  The validation rates of the data are 
around 75%.  The data shown were taken in the central vertical line in the header near the inlet (approximately 3 
mm from the inlet due to optical constraints) of the 9.5 mm diameter inlet tube.  Sauter mean diameter (SMD) is 
used to describe the droplet size.  It is defined as the ratio of the particle volume to surface area in a distribution: 
St<<1 
St~1 
St>>1 
Vapor flow 
Droplet flow 
x 
y 
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where fn() is a frequency function and D is the individual drop diameter (referring to Crowe et al. (1998)). 
The y-axis represents vertical distance from the bottom of the header.  The quality and mass flow rate are 
shown in each figure.  There are several trends worth noting in Figure 5.43 and 5.44.  The velocity increased with 
increasing quality, which is expected since a higher quality indicates a higher vapor flow rate and since the mass 
flow was relatively constant, the velocity had to increase.  The drop diameters (SMD) decrease with increasing 
quality.  The largest diameters are present near the bottom of the inlet.  This is because of two factors: (1) gravity 
strongly affects the drops with the larger Stokes number; (2) stratification even in high quality mist flows.  The mist 
flow could tear off drops from this stratified layer.  Further evidence of this is that the drop diameter histograms 
usually were bimodal, indicating two dominant drop sizes.  Following the above logic, one size would be due to the 
core mist flow while the other larger dominant drop size would be from the stratified layer.  So, PDPA data can 
provide further information about the flow at the inlet of the header.  Detailed analysis about these data is shown in 
Winkler and Peters (2002). 
 
Figure 5.43 Droplet velocity profiles across the 9.5 mm inlet tube 
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Figure 5.44 Sauter Mean Diameter (SMD) profiles across the 9.5 mm inlet tube 
Based on the findings from PDPA measurement, the following Figures from 5.45 to 5.52 illustrate the 
initial velocities distributions and the corresponding Stokes number contour for different mass flux and qualities in 
four diameter tubes. The initial velocities are calculated based on the homogenous flow assumption right after the 
expansion valve.  And the corresponding Stokes numbers are calculated based on these initial velocities and the 
range of droplet diameter from 50 to 430 microns, which is wider than the PDPA measurement.  
For the range of droplet diameters from 220 to 340 µm, which is the typical range in PDPA measurement, 
most Stokes numbers with respect to the velocities seen in each inlet tube fall into the two main ranges of 1.5 -10 
and 10 - 40 in Figure 5.46.  In the large inlet tube (i.e. d=15.3 mm), the percentages of Stokes numbers in these two 
ranges are about the same.  Only in a small number of conditions, the Stokes number is in a range of 0.5 - 1.5 and the 
possibility for St<0.5 is even smaller.   
With the increase of the tube diameter, the Stokes number contour is squeezed to the left corner so that the 
area of small St is becoming smaller and smaller.  Actually, for 8.7 mm inlet tube (which diameter is close to the one 
used in PDPA measurement), most of Stokes numbers are larger than 10.  In order to get much smaller Stokes 
number (less than 1), droplet diameter should be close to or less than 50 microns (for R134a).  For the 6 mm inlet 
tube, it is even more difficult to get the St <1.5 under the operational conditions in that inlet tube.  
These graphs give an idea about magnitude of Stokes number in a typical operational condition found in 
evaporators of refrigeration and air conditioning systems, which aid in understanding the droplet movement in that 
condition.  
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Figure 5.45 Initial velocity distribution in 15.3 mm diameter inlet tube 
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Figure 5.46 Stokes number distribution map for 15.3 mm diameter inlet tube  
(Initial velocity: 0.33~1.74 m/s) 
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Figure 5.47 Initial velocity distribution in 12 mm diameter inlet tube 
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Figure 5.48 Stokes number distribution map for 12 mm diameter inlet tube 
(Initial velocity: 0.32~2.83 m/s) 
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Figure 5.49 Initial velocity distribution in 8.7 mm diameter inlet tube 
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Figure 5.50 Stokes number distribution map for 8.7 mm diameter inlet tube 
(Initial velocity: 0.61~5.34 m/s) 
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Figure 5.51 Initial velocity distribution in 6 mm diameter inlet tube 
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Figure 5.52 Stokes number distribution map for 6 mm diameter inlet tube 
(Initial velocity: 0.75~9.44 m/s) 
5.11 FLUENT 6 Simulation Results 
5.11.1 Conditions of two-phase flow simulation in the tube after expansion valve 
The difficulties of simulations arise from the complexity of the two-phase flow development, including 
liquid-vapor interaction by mass transfer (evaporation or condensation), momentum transfer (forces acting between 
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phases), energy coupling (heat transfer), particle-particle interaction (droplets or bubbles) due to the collision and 
turbulent feature of each phase, etc.  It is difficult to capture all of the phenomena in the two-phase flow.  For the 
two-phase flow after the expansion valve, the situation is even more complicated because of the further evaporation 
(growth of the bubbles) after the expansion valve.  However, the practical operating conditions have relatively 
higher quality in the real applications, which is around 20% (10%-30%).  For these typical quality conditions, two-
phase flow looked similar to small droplet mist right after the expansion valve.  So the droplet mist two-phase flow 
in this range of operating conditions is a representative flow pattern after expansion valve.   
In order to more accurately simulate two-phase flow development after the expansion valve, it is important 
to identify an adequate multi-phase model.  Since the liquid phase exists as the dispersed droplets discretely 
distributed in the vapor flow, the vapor flow is considered a continuous phase (primary phase) and droplet flow a 
dispersed phase (secondary phase).  Then, the most important step is to check whether the droplet flow is dilute flow 
or dense flow.  A dilute flow is one in which the droplet motion is only controlled by the fluid forces (drag and lift), 
however, a dense flow is one in which the droplet motion is controlled by collisions (phase interaction and particle 
interaction).  Crowe, et al. (1998) described the criterion to distinguish between these two types.  A qualitative 
estimate of the dilute or dense nature of the flow can be made by comparing the ratio of momentum response time of 
a particle to the time between collisions.   So, the flow is dilute flow when  
1<
C
V
τ
τ
 
where τV is the momentum response time and τC is the average time between particle-particle collisions.  The flow is 
dense flow when 
1>
C
V
τ
τ
 
then the particle has no time to respond to the fluid dynamic forces before the next collision, which indicates that the 
flow is dense.  From the model derived by Crowe et al. (1998), the time between collisions can be estimated from 
the classic equations for collision frequency.  Figure 5.53 shows a schematic view of a group of droplets with 
uniform diameter D moving at a relative velocity vr with respect to the other droplets. 
 
Figure 5.53 Droplet-droplet collisions 
D 
2D 
Vr 
  80
So, in a time δt, one droplet will intercept all the droplets in the tube with radius 2D and length vrδt.  If the 
number density is n, which is defined as the number of droplets per unit volume, the number of droplets in this tube 
will be 
tvDnN rδπδ 2=  
Then, the collision frequency is fc = nπD2vr so that the time between collisions is 
r
C vDnfc 2
11
πτ ==  
Recalling that τV = (ρdD2)/(18µ), then  
µ
ρ
µ
πρ
τ
τ
318
4
rdrd
C
V DvvDn ==  
where dρ  is the bulk density of the dispersed phase, which is the liquid density in this case.  For these operational 
conditions, the droplet diameter is around 250 microns, liquid density is 1240 kg/m2s under the room temperature 
and viscosity of vapor is 0.00001203 kg/ms, then the relative velocity needed to make 1=
C
V
τ
τ
 is calculated.  The 
estimated result for the relative velocity is 0.00012 m/s, which is the critical velocity to distinguish between the 
dilute flow and the dense flow in this study.   
According to the results in Chapter 5.4, the initial velocities are larger than 0.5 m/s for most flow 
conditions.  It is obvious that 0.00012 m/s is relatively so small comparing with 0.5 m/s (or larger) that even small 
turbulence of the continuous phase can create a fluctuation of the droplet motion larger than that critical velocity.  
So, in this simulation, it is a very reasonable assumption that the two-phase flow after the expansion valve is a dense 
flow.  
Based on this assumption, Eulerian approach is more reasonable than Lagrangian approach in this study.  It 
is also discussed that the two-phase flow right after the expansion valve is very homogenous, so it can be assumed 
that the liquid phase is also a continuous phase.  From this point of view, the Eulerian multiphase model of Eulerian-
Eulerian approach in FLUENT 6, which treats both phases as continuous phases, is the best choice in this situation.  
This simulation is a steady state 3-D computation using segregated solver and implicit formulations.  The standard 
k-ε turbulent model is applied in each phase.  The velocity inlet condition is used with the uniform velocity 
distribution for each phase at the inlet (homogenous flow assumption).  Pressure boundary condition is used as the 
outlet condition.  
In order to be consistent with the experimental results, R134a is used as the working fluid and three inlet 
tube geometries with diameters: 12 mm, 8.7 mm, 6 mm are used in the simulation.  The input conditions used in the 
simulations are also consistent with the working conditions in the experiments.  Droplet size is selected based on the 
PDPA measurement (250 microns used in most cases).  Figure 5.54 shows the type of mesh used in this simulation. 
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Figure 5.54 Mesh of inlet tube in FLUENT 6 
In order to better check the simulation results in the expansion and developing regions and compare them to 
the experimental results, some test lines were defined to capture the void fraction distribution on the top and at the 
bottom of the inlet tube.  The schematic view (both front and side view) of these test lines is shown in Figure 5.55.  
All of these lines are located at z=0. T0 to T1.5 represent the locations close to the top, where T0 is the line 0 mm 
from the top and T1.5 is the line 1.5 mm from the top.  On the contrary, B0 to B1.5 represent the locations close to 
the bottom, where B0 is the line 0 mm from the bottom and B1.5 is the line 1.5 mm from the bottom. 
 
Figure 5.55 Schematic view of test lines in the simulation 
5.11.2 Two-phase flow development in different locations on the top and the bottom 
The void fraction in the FLUENT 6 simulation uses the volume fraction of liquid (which is different from 
the void fraction in the previous discussion).  It is convenient to stick to the tradition of FLUENT in this part of the 
discussion.  When volume fraction of liquid is one, the two-phase flow is actually pure single-phase liquid.  On the 
contrary, the two-phase flow is pure single-phase vapor when the volume fraction of liquid is zero.  So, in Figure 
5.56, the relationship of the volume fraction of liquid and the location along the flow motion is an asymptotic curve.  
The closer to the top, the sharper the curve is and the faster the volume fraction of liquid decreases.  For the 
condition in Figure 5.56, the length of expansion region is around 110 ± 5 mm (107.5 mm shown in the still image) 
in the experiment when the number density of droplets on the top is significantly changed.  In FLUENT 6 results, 
significant phase separation is considered occurring when the volume fraction of liquid along the top is decreased to 
0.005.  This is consistent with the criterion 1 defined in the visualization study.  From the comparison of simulation 
and experimental results, the volume fraction of liquid along T1 or T1.5 seems to fit the experiment better. 
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Referring to the criterion 2, developing region begins when liquid film starts accumulation at the bottom.  It 
is easier to visualize where the liquid film starts to form at the bottom than phase change on the top.  In the 
simulation results, the liquid film is formed once the volume fraction of liquid is close to1 (0.95 is used here) at the 
bottom.  In Figure 5.57, the volume fraction of liquid are plotted along the tube close to the bottom.  The closer to 
the bottom, the sharper the curve is and the faster the volume fraction of liquid increases.  For the condition in 
Figure 5.57, the length of expansion region based on liquid formation at the bottom is around 157.5 ± 7.5 mm (156.5 
mm shown in the still image) in the experiment.  From the comparison of simulation and experimental results, the 
volume fraction of liquid along B0.5 seems to fit the experiment better. 
For convenience, the volume fractions of liquid along T0.5 and B0.5 are used for further comparison to the 
experimental results, and to explore the relationships among flow region development length and various qualities, 
mass fluxes, droplet diameters and tube diameters.  More results of the volume fractions of liquid along other top or 
bottom lines are presented in Appendix A.  
 
Figure 5.56 Volume fraction of liquid along the tube length in FLUENT 6 (265kg/m^2s, 20%, 12 mm inlet tube, 
250µm) at different distances from top and actual flow development 
 
Figure 5.57 Volume fraction of liquid along the tube length in FLUENT 6 (265kg/m^2s, 20%, 12 mm inlet tube, 
250 µm) at different distances from bottom and actual flow development 
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5.11.3 Effect of quality on volume fraction of liquid  
Figures 5.58 and 5.59 present distribution of the volume fraction of liquid along the tube at T0.5 and B0.5 
as a function of inlet quality while other parameters are kept constant (mass flux: 265 kg/m2s; inlet tube diameter: 12 
mm; droplet diameter: 250 µm).  Experimental results with error range are included for the direct comparison.  For 
the three qualities in Figure 5.58, the lengths of expansion region in simulation are 82, 94 and 103 mm, which are 
shorter than 110, 113 and 121.5 mm in the experiments.  But the trend is the same, which is the expansion region is 
prolonged with the increase of inlet quality.   
0
0.02
0.04
0.06
0.08
0.1
0 50 100 150 200 250 300
Location in x direction (mm)
Vo
lu
m
e 
fr
ac
tio
n 
of
 li
qu
id
20%
25%
30%
82mm 
0.005 
110 ± 5 mm
94mm 
113 ± 5 mm
103mm 
121.5 ± 6.5 mm
 
Figure 5.58 Volume fraction of liquid along the tube on the top (265kg/m^2s, 12 mm inlet tube, 250 µm, 0.5 mm 
from top) 
Figure 5.59 presents the effect of the inlet quality on the separation at the bottom.  Experimental results 
with error range are also included for the direct comparison.  For the three qualities in Figure 5.59, the lengths for 
the liquid film formation in simulation are 160, 225 and 315 mm, which are longer than 157.5, 177.5 and 187.5 mm 
in the experiments.  The same trend is found that expansion region is longer (liquid separation at the bottom takes 
longer) at higher inlet qualities.   
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Figure 5.59 Volume fraction of liquid along the tube at the bottom (265kg/m^2s, 12 mm inlet tube, 250 µm, 0.5 
mm from bottom) 
  84
5.11.4 Effect of mass flux on volume fraction of liquid  
In order to focus on the relationship of mass flux and flow development, the quality is fixed at 20% in 8.7 
mm inlet tube with 250 µm droplet flow.  The volume fraction of liquid distribution along T0.5 and B0.5 and 
experimental results are compared in Figure 5.60 and 5.61.  The deviations are small in low mass flux conditions.  
The simulations show that higher mass flux results in longer expansion region probably due to higher initial velocity 
so that the liquid separation (due to gravity) from the vapor flow happens later.  The experiments show a similar 
trend, but the effect is less significant.   
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Figure 5.60 Volume fraction of liquid along the tube on the top (20%, 8.7 mm inlet tube, 250 µm, 0.5 mm from 
top) 
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Figure 5.61 Volume fraction of liquid along the tube at the bottom (20%, 8.7 mm inlet tube, 250 µm, 0.5 mm 
from bottom) 
5.11.5 Effect of droplet diameter on volume fraction of liquid  
Base on the PDPA measurements in the generic header (Figure 5.44) mean droplet diameters (SMD) were 
determined to vary from 200 to 350 µm.  Since only one fixed droplet diameter can by used as the input in the 
previous simulation, it is reasonable to analyze the sensitivity of expansion length predicted by FLUENT on droplet 
diameter.  To isolate the influences by other parameters, the following condition was selected: 501 kg/m2s mass 
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flux, 20% quality and 8.7 mm inlet tube.  Then, the volume fractions of liquid distribution along the location of T0.5 
and B0.5 are plotted in Figures 5.62 and 5.63.  Figure 5.62 shows that expansion region (determined by zero volume 
fraction of liquid on the top) is longer for smaller droplet diameters.  The reason is that a droplet follows gas flow 
closer for smaller Stokes number, which is proportional to droplet diameter. 
However Figure 5.63 indicates greater effect of droplet diameter on the start location of liquid film at the 
bottom.  It is shown that simulation with input of 300 µm tends to fit the experiments (122 and 210 mm) better.  
These simulations in FLUENT show that the phase separation can be delayed with the decrease of droplet 
diameter, and it will be delayed significantly when the droplet size is less than 200 mm. 
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Figure 5.62 Volume fraction of liquid along the tube on the top (501kg/m^2s, 20%, 8.7 mm inlet tube, 0.5 mm 
from top) for various droplet sizes 
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Figure 5.63 Volume fraction of liquid along the tube at the bottom (501kg/m^2s, 20%, 8.7 mm inlet tube, 0.5 
mm from bottom) for various droplet sizes 
5.11.6 Effect of inlet tube diameter on volume fraction of liquid 
The last parameter to be considered in this study is the inlet tube diameter.  Three inlet tube diameters are 
examined: 12 mm, 8.7 mm and 6 mm (consistent with the experiments).  The simulations are shown for one 
operating condition (mass flux 334kg/m2s, quality 20%, droplet size 250 µm) for all three diameters.  The volume 
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fraction of liquid along T0.5 and B0.5 are plotted in Figure 5.64 and Figure 5.65.  The results in both graphs show 
that the inlet tube diameter has little influence on the transition from expansion region to developing region.  These 
effects are less significant compared to other parameters.  But the trend is clear: the larger the inlet tube diameter is, 
the slower phases separate.  This is consistent with the empirical equations regressed from the experimental results, 
which show that the development length for each region is positively related to the tube diameter.  The reason might 
be that reduction of tube diameter increases the effect of fluid/wall interaction (shear).  Although larger initial 
velocity (attained by decreasing inlet tubes) increases the expansion region, it also increases the shear force resulting 
in earlier two-phase flow separation (decrease expansion region).  It is important to find the proper balance. 
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Figure 5.64 Volume fraction of liquid along the tube on the top (334kg/m^2s, 20%, 250 µm, 0.5 mm from top) 
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Figure 5.65 Volume fraction of liquid along the tube at the bottom (334kg/m^2s, 20%, 250 µm, 0.5 mm from 
bottom) 
5.11.7 Simulation results in developed region 
The plot of the volume fraction of liquid along the central vertical plane in the inlet tube shows the exact 
three regions through the whole process of two-phase flow development.  Previous discussion has already shown 
how to distinguish the expansion region from developing region in FLUENT 6 simulations and showed that these 
results are consistent to the experimental results.  The next task is determining the transition of developing region to 
developed region in the simulation plots. 
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The volume fraction of liquid distribution in Figure 5.66 clearly shows the changes of flow patterns in the 
cross-section area at some distances (i.e. 180 mm~250 mm) away from the inlet of the tube.  The red area indicates 
the liquid film at the bottom.  While the color between red and blue indicates the two-phase mixture with volume 
fraction of liquid less than 1 and larger than 0.  Comparison of two cross-section areas at different locations (i.e. A1 
and A2, which are 180 mm and 200 mm away from the inlet) and indicates that the color maps in those areas are 
different.  It implies that the two-phase flow in these two areas is in the different development status and both are 
still in the developing region.  On the contrary, the difference of color maps in cross-section areas A3, A4 and A5, is 
not significant.  This indicates that there is no further phase separation in these areas.  So they are located in the 
developed region according to the previous definitions. 
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Figure 5.66 Volume fraction of liquid along the central vertical plane (265kg/m2s, 20%, 250 µm, 12 mm inlet 
tube) 
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Figure 5.67 Volume fraction of liquid along the central vertical plane (265kg/m2s, 20%, 250 µm, 12 mm 
diameter tube) 
The plot of the volume fraction of liquid along the vertical central line in each cross-section area at 
different locations is presented in Figure 5.67 for additional insights.  Comparing those curves, it is obvious that the 
A5 
Void fraction distribution along 
this vertical line 
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volume fraction of liquid along the vertical line in A1 is significantly different from the others.  Also the one in A2 
is also different from the other three.  So, it is justified to say that the location of 200 - 220 is the transition zone 
from the developing region to the developed region.  Checking this transition in the experimental study, the 
developing length is about 240 mm (±10 mm), which is very close to the simulation result.   
Based on experimental validation and analysis presented, the Eulerian model of Eulerian-Eulerian approach 
used in FLUENT 6 can simulate the two-phase flow development after the expansion valve well for the droplet mist 
flow in the tube.  This has significant meaning for the studies of the flow development in the headers of heat 
exchangers.  It is shown that the droplet size has some influence on the flow development, but not significant for the 
range of diameters which were studied in the two-phase flow after the expansion valve.  One example of parametric 
study of effect of droplet size is presented in Figure 5.68. The result shows that both expansion region and 
developing region are prolonged.  It means that the phase separation is attenuated significantly in the inlet tube even 
the Stokes number is about 1.5 which is larger than 1.  
 
Figure 5.68 Volume fraction of liquid along the central vertical plane when the droplet size is small (265kg/m2s 
(30g/s), 20%, 100 µm, 12 mm diameter tube).  Only droplet size is different compared to Figure 5.67 
5.12 Summary and Conclusions 
1. Two types of flow patterns in the expansion region were identified: bubbly flow and droplet mist flow.  For 
bubbly flow, the increase of quality (initial void fraction) speeds up the bubble breakup; on the other hand the 
increase of fluid velocity slows down the bubble breakup. 
2. Droplet formation in the tube after the expansion valve is different from the mechanism of atomization and 
this phenomenon is not seen in standard boiling flow. 
3. The flow development in tube after expansion device can be divided into three parts: expansion, developing 
and developed regions.  Each of them has its own type of flow patterns and features 
4. The homogeneous flow is observed immediately after expansion valve and that fact was used in defining 
expansion region.  The initial void fraction and velocity are then determined based on the quality and mass 
flow rate. 
5. From the Stokes number contour with respect to real operational conditions and a typical droplet size range 
(referring to the PDPA measurement), most explored conditions have St in the range of 1.5~10 and 10~40.  
For small inlet tubes (8.7 mm and 6 mm) St<1 could be obtained in just a few operating conditions, even the 
droplet size is selected to be very small (i.e. 50 microns) due to high velocities.  
6. The flow patterns in the developed flow region are very similar to the ones observed in the two-phase flow in 
horizontal round tubes, except that the stratified-wavy flow has more disturbed interface due to the sudden 
expansion after the expansion valve.  Also there is a possibility of the secondary evaporation or condensation 
across the interface when the pressure distribution is disturbed in that area. 
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7. The increase of either quality or mass flux has positive effects on the change of void fraction, but negative 
effects on the change of slip ratio.  However the relative velocity between two phases decreases with the 
increase of quality or decrease of mass flux.  
8. Zurcher et al. (1999)’s updated flow pattern models with Thome (2002)’ new format map can be used to 
characterize flow patterns in the developed region. 
9. Mass flux has no significant influence on the expansion region length, small effect on the start of liquid film 
formation at the bottom, and strong influence on the developing region length. 
10. Quality at the inlet has significant influence on both expansion region and developing region lengths for the 
low inlet quality conditions, and smaller influence in the high inlet quality conditions. 
11. Tube size has weak effect on the expansion region length, but strong effect on liquid film formation and 
developing region length. 
12. The empirical correlations of flow development lengths are developed as a function of mass flux, quality and 
diameter.  The test of coefficient of tube diameter in the expansion region shows that the relationship between 
the flow development length and tube diameter is not very significant.  
13. Since the flow in the tube after expansion valve has characteristics of droplet mist flow, Eulerian multiphase 
model of the Eulerian-Eulerian approach in FLUENT 6 was the reasonable choice for the simulation.  
14. FLUENT 6 simulations qualitatively have good agreement with experiments by presenting similar trends to 
the experimental results (based on Figures 5.56 to 5.61). The deviations are small for low mass flux 
conditions. 
15. FLUENT 6 simulations show that the phase separation can be delayed with the decrease of droplet diameter, 
and it will be delayed significantly when the droplet size is less than 200 µm (based on Figyres 5.62 and 5.63). 
16. FLUENT 6 simulations also present a small positive effect of tube diameter on expansion region length (based 
on Figures 5.64 and 5.65). 
17. FLUENT 6 simulations also qualitatively capture the feature of the developed region well (based on Figure 
5.66). 
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Chapter 6. Two-Phase Flow Distribution in Generic Header 
This chapter presents experimental study and numerical simulation of the adiabatic two-phase flow 
distribution of R134a in a header of simple geometry (generic header).   The horizontal header had a horizontal 
circular inlet tube and five circular exit channels facing downward.  In order to focus on the study of inlet effect, 
uniform pressure distribution was provided in the branching channels neglecting non-uniform heating load found in 
real heat exchangers.  The distribution measurements were taken using three different sizes of inlet tubes (9.5 mm, 
6.4mm, 3.2mm), and the mass flux and inlet quality were in a range of 10 – 100 kg/m2s and 0  - 0.4 respectively.  
Two-phase flow patterns were visualized and distribution results are presented.  Two types of flow pattern and 
distribution maps were constructed based on dimensional analysis and Thome (2002)’s G-x flow pattern map.  
Influences of developing flow status at the inlet of the header are analyzed based on the findings of two-phase flow 
development in the inlet tube.  Numerical simulation is applied to the same geometry of the header and the same 
operation conditions.  A qualitatively good agreement is obtained in a reasonable level and practical meanings were 
explored. 
6.1 Introduction  
Distribution of refrigerant in headers of heat exchangers is characterized by complexities of adiabatic 
developing two-phase flow with change of direction.  Sometimes it is possible to unify distribution of two-phase 
refrigerant in a certain geometry at a given condition.  Unfortunately, the operation conditions (e.g. automotive air 
conditioning systems) continuously change over the wide range of refrigerant and air flow rates, qualities, 
temperatures, humidity, etc.  Consequently interaction between inertial and gravitational forces, which might be in 
balance at one condition of the fluid in motion, creates uneven supply of refrigerant to each plate or microchannel of 
the heat exchanger at the other conditions.  That maldistribution reduces effectiveness of the evaporator, uneven air 
temperature profile, and sometimes even non-uniform frosting of the evaporator.  
It is shown in some previous studies such as Bernoux et al. (2001), Tompkins et al. (2002), Vist and 
Pettersen (2002), Kim et al. (2003), Cho et al. (2003), etc., that there are many factors influencing the two-phase 
flow distribution in the manifold.  They can be mainly organized as the following categories: inlet conditions/inlet 
flow status (combination of mass flux, quality, inlet tube length and diameter); header geometries (length, cross-
section shape and area); orientation of the header (horizontal or vertical); downstream pressure distribution at the 
outlet; inlet and outlet connection (i.e. straight/side inlet connection).  In order to fully focus on the effort of 
studying inlet condition influence on distribution and screen the effects on distribution by the other parameters (e.g. 
orientation, pressure load in branches, etc.), the following structure was used as the test section: a horizontal header 
of rectangular shape (25.4 mm×25.4 mm×305 mm), which is later called a “generic header”.  The shape is chosen to 
provide feasible measurements of droplet sizes and velocities using PDPA technique.  It has a horizontal straight 
round inlet in the center of one side of the header and five round downward branches (equally spaced) as the outlets 
of the header.  
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Figure 6.1 Configuration of the generic header 
This header is made of clear PVC sheets to provide enough transparency for the PDPA and visualization 
study.  It has simple geometries for the purpose of numerical simulation study.  Figure 6.1 shows the whole structure 
of the header used in this part of study.  It is clear to see that the geometry of the header and the connections to the 
inlet and outlets are fixed.  Also uniform pressure drops are provided for each outlet to eliminate the downstream 
influence.  The length of the inlet tube is also fixed at 120 mm from the center of the expansion valve to the inlet of 
the header.  Then the only adjustable parameters are: inlet tube diameter, mass flux and quality.  A real header of a 
plate evaporator is also applied in the later studies, which will be addressed in Chapter 7. 
A distribution test loop has been constructed (shown in Figure 4.1) and R134a is used as the working fluid.  
This loop can be operated for visualization, distribution measurement and PDPA measurement.  Since there is an 
expansion of the cross-section area from the inlet tube to the header, the two-phase flow in the header is developing 
flow regardless of the flow status at the inlet (in the expansion, developing or developed region).  The operating 
conditions in this setup cover: the mass flux in the header of 10-100 kg/m2.s (e.g. the realistic mass flux in the 
header for conventional plate evaporator is 50-100 kg/m2.s), and the inlet vapor quality at the inlet header of up to 
40%.  Three round inlet tubes (3.2 mm, 6.4 mm, 9.5 mm) are used to provide different types of developing two-
phase flow.  A description of these activities and corresponding results is included in this chapter, followed by the 
analysis of the correlation between the flow development in the inlet tube and the header.  A single-phase test is first 
introduced and compared to the LDV results to check the performance of FLUENT 6.  Then two-phase flow 
simulation is applied to the same geometry and operating conditions as used in distribution experiments.  Simulated 
distribution results, void fraction distribution, velocity and pressure field are presented for the same conditions as 
used in experiments.  A qualitatively good agreement is obtainable when proper conditions are applied.  Finally, an 
initial experimental study is shown on the horizontal upward flow (horizontal inlet with upward outlets) to illustrate 
another direction of distribution study in the future.  
6.2 Two-phase Flow Patterns in the Header  
The flow patterns of three regions (expansion, developing and developed) have been observed in the inlet 
tube.  The inlet tube length in the distribution measurements is fixed at 120 mm from the center of the expansion 
valve.  Based on the findings of flow development lengths in each region, the developing flow at the inlet of the 
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header is located either in the expansion region or developing region of the inlet tube in most conditions.  Due to the 
secondary expansion from the inlet tube to the header and the closed end of the header, different types of flow 
patterns other than pipe flow are expected in the header.  These new patterns are resulted by the liquid re-circulation 
and pooling in this domain.  
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Figure 6.2 Schematic view of the flow development after the expansion device 
The complete structure of the flow development in the inlet tube and the header relating to the distribution 
is captured in Figure 6.2 by adding the header part.  An example of visualization image is selected here to illustrate 
the flow development in the header, and the flow at the inlet of the header is assumed to be in the expansion region 
of the inlet tube.  Based on the visualization results in the header, a corresponding flow pattern map can be 
constructed with distinguishable regions such as the one at bottom of Figure 6.2.  From the distribution map in the 
header, it is possible to find out the best distribution zone, and the corresponding area in the flow pattern map and 
relating operating conditions.  For these conditions and current inlet tube connection, the flow status at the inlet of 
the header can be figured out from the determination of flow regions in the inlet tube.  This provides a way of 
manipulating the inlet conditions to achieve the desired distribution results. 
Based on experiments conducted in current setup so far, five kinds of flow patterns were observed: 
stratified flow—S; liquid jet—J; jet with rear pooling--J+rp; jet with front pooling--J+fp and mist flow--MF.  They 
are shown in Figure 6.3, including four larger higher quality photos (taken by a CCD camera) covering the flow 
after the inlet of the header and five small ones (taken by a regular camera) covering the flow in the entire header. 
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 Stratified flow (9.5mm inlet pipe, 23kg/m2.s, 3%)    Liquid jet (3.2mm inlet pipe, 23kg/m2.s, 20%)
Jet with front pooling (3.2mm inlet pipe, 31kg/m2.s, 20%)   Mist flow  (9.5mm inlet pipe, 77.5kg/m
2.s, 20%)
Jet with 
rear 
 
Figure 6.3 Flow pattern photos 
For low mass flux in the header (<31 kg/m2.s), low quality (<5%) conditions, liquid flows along the bottom 
of the header without separation and this flow pattern is called stratified flow in the header.  Most liquid falls into 
the front branches first, so it appears that non-uniform distribution is due to small inlet momentum.  With the 
increase of mass flow rate and quality, liquid begins to separate from the boundary and liquid jet is formed.  For this 
kind of flow, the outside region of the jet is dispersed flow (droplets are dispersed in vapor) and the core region of 
the jet is continuous.  When the momentum of the jet is increased, liquid hits the end of the header and liquid 
pooling starts forming.  This is called jet with rear pooling.  When the developing two-phase flow is injected into the 
header, there is an expansion angle at the inlet of the header, which can result in the collision between the superficial 
droplets of the jet and the wall.  The reflected flow due to collision and the reverse flow from the end of the header 
could form a liquid pooling at the beginning.  This is called jet with front pooling.  With the increase of mass flux 
and quality, liquid jet is broken up further and the two-phase jet becomes completely dispersed flow, called here 
mist flow.  Actually, the increase of mass flux and quality will increase the expansion region length in the inlet tube.  
Thus, for the given inlet tube length, the flow at the inlet of the header is more likely located in the expansion region 
of the inlet tube so that the flow is more homogenous and less separated.  Mist flow under this situation is more 
easily formed. 
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6.3 Flow Structure in the Manifold  
Many types of flow patterns in the inlet tube have been seen before the header.  For the current test section 
of distribution, the flow at the inlet of the header could be in the expansion region, developing region or developed 
region under different mass flux and qualities.  These different developments of two-phase flow at the inlet of the 
header result in different flow structures in the header.  Figure 6.4 presents the two-phase flow structure in the 
manifold with different quality, velocity and inlet flow development status (also related to the inlet tube diameter).  
Bernoux, et al. (2001) had described some similar flow structures in the manifold based on the inlet flow pattern 
study of Wong & Yau (1997).  However the flow patterns mentioned in their paper are actually observed when inlet 
flow is located in the developed region of inlet tube, which means two-phase flow is already fully separated at the 
inlet of the header.  
From the slip ratio distribution study in the developed region in Chapter 5, the liquid phase flows slower 
than the vapor phase at the inlet of the header.  Jet flow is observed after the secondary expansion through inlet tube 
to the manifold.  Since the vapor phase is the continuous phase in the manifold, the jet effect of vapor is weaker 
because of large dissipation for the same phase after ejection.  The jet effect of liquid is stronger and the strength of 
jet (or the shooting length) depends on the initial velocity of liquid at the inlet of the manifold, which is related to 
the flow development in the inlet tube.  The middle point of the contact area of the liquid jet and the ground of the 
manifold is called the impact point, which is also described in Bernoux, et al. (2001).  The shooting length of the jet 
is measured from the inlet of the manifold to the impact point. 
Figure 6.4a shows the flow structure for the slow (u<0.5m/s) inlet two-phase flow located in the developed 
region of the inlet tube.  Because of the low initial velocity, the jet effect is very weak.  Liquid may fall to the 
ground of the manifold along the wall forming stratified flow or have a short shooting length and then fall to the 
bottom of the manifold forming a weak liquid jet.  The shooting length in this kind of flow structure is normally less 
than half of the length of the manifold (due to the combination effects of inertia and gravity).  Since liquid still has 
some horizontal velocity component after the contact with the ground, it runs on the ground and crashes to the end 
of the manifold (inertia is high enough).  Most of the bottom is continuously immersed under very thin liquid (less 
than 1 mm), which is not considered as a pooling effect here.        
With the increase of initial velocity and quality, the flow structure in Figure 6.4b is presented for the inlet 
flow normally in the developing status in the inlet tube.  This flow structure is in jet type with a liquid lump in the 
end.  With the higher initial velocity (obtained either by increase of mass flux or quality), the shooting length is 
increased correspondingly.  Then the horizontal velocity component is large enough to bring liquid toward to the 
end of the manifold and meet with the rejected liquid forming a balanced liquid lump, which is called liquid pooling 
here.  The forces are balanced by the static pressure of the thick liquid pool (due to gravity) and the dynamic 
pressure converted by the liquid momentum moving toward to the end of the manifold. 
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Figure 6.4 Influence of inlet flow pattern on the flow structure in the manifold 
When the liquid jet touches the surface of the rear liquid pooling, more or less large splashes are generated.  
It can sometimes reach to the mid-height of the manifold, even to the top wall forming backward flow.  More flow 
visualization images in the generic header are listed in Appendix C with different types of inlet devices 
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Another kind of strong liquid jet is shown in Figure 6.4c, with very high initial velocity (u>4m/s).  This 
type of flow structure is observed in two situations in this study.  At first, this structure was observed in many 
operating conditions when the inlet tube diameter is small (d=3.2 or 6.4 mm) no matter which region the inlet flow 
is located.  Secondly, this can be observed for large inlet tube (d=9.5 mm) with high mass flux and very high initial 
quality (x>30%) when the inlet flow is located in the developed region.  This is consistent with Bernoux, et al. 
(2001), where this type of flow structure is observed for 35% inlet flow.  It is obvious that the jet flow in Figure 6.4c 
retains it shape and reaches straight to the end of the manifold, which means that inertia dominates gravity in this 
case.  This jet is finally split at the impact point on/close to the rear wall of the manifold.  Two branches of 
backward flow are formed and flow along the top and bottom of the manifold.  This phenomenon is called re-
circulation.  Some backward flow can even reach to the inlet of the manifold.  It needs to be noticed that backward 
flow at the bottom actually moves along the corner of the wall toward the inlet and the flow in the central of the 
bottom is from the inlet and moving adversely.  In this case, no large liquid pool is formed either in the front or the 
rear part of the manifold.  
Figure 6.4d illustrates the most complex flow structure in this study.  The inlet flow is in either the 
expansion region or developing region with also high initial velocity and median level quality.  Since the jet is not 
highly concentrated liquid phase, phase separation occurs continuously during the ejection of the two-phase jet.  
Vapor phase in the jet tends to expand in order to dissipate to the surrounding vapor flow, which can carry some 
traces of liquid from the main body of the jet.  These traces of liquid are also affected by the backward from on the 
top and bottom so that the moving path shows a turn curve feature.  The entrapped liquid close to the inlet also 
shows a short-circuit phenomenon.  Right after the separation from the jet, they go back to the top and bottom close 
to the inlet of the manifold and finally form a liquid lump in the front part, which is called front pooling.  In some 
cases, both front pooling and rear pooling can be seen at the same time.  
Figure 6.4e presents the most interesting flow structure in this study, mist flow.  The most homogenous 
mist flow is observed when the inlet flow is in the expansion region of the inlet tube with very high quality (x>30%) 
but not very high initial velocity (u<4m/s) conditions.  In this expansion inlet flow status, we see very small droplet 
flow homogenously mixed with the vapor flow coming out of the inlet.  Due to the median level of initial 
momentum, the jet effect is not obvious after the sudden enlargement of the cross-section area and both phases 
uniformly expanded to the whole room of the manifold and move mildly toward the end wall.  No significant 
backward flow is formed and there is only a small amount of vortex flow located at the corner of the top and bottom 
close to the inlet with no obvious big liquid lump accumulated.  The whole space of the manifold is homogenously 
filled by the mist two-phase flow.  The flow structures described in this section are also referred to in the analysis of 
numerical simulation results.   
6.4 Dimensional Analysis  
In order to generalize the study of two-phase flow in the header, dimensional analysis is used to understand 
the mechanism of this flow in the header. Referring to the nomenclature, there are 17 independent variables required 
for the dimensional analysis: 
•
m , x, d, l, Dy, Dz, L, g, ρL, ρg, µL, µg, σ,α, T1, T∞, Cp, where: 
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•
m – mass flow rate 
x – vapor quality 
d – diameter of inlet tube    m 
Dy, Dz – width and height of the header   m 
l, L – length of the inlet tube, length of the header    m 
g – gravity acceleration   m/s2 
ρL, ρg – density of liquid and vapor   kg/m3 
µL, µg – viscosity of liquid and vapor   
σ – surface tension 
α – void fraction  
T1, T∞ – local temperature and environment temperature   oC 
Cp – heat transfer coefficient 
It is noticed that Dy, Dz and L can be fixed if the geometry of the header is fixed (here Dy=Dz=D).  The 
pooling is weak if D>>d.  Since the current flow is adiabatic two-phase flow, T1, T∞ and Cp can be neglected.  Initial 
void fraction α is assumed to be known based on the homogenous assumption.  We can also neglect µg since the 
influence on flow pattern from the vapor viscosity is weak.   
Finally, the variables left are: 
•
m , x, d, l, D, L, g, ρL, ρg, µL, σ, totally 11 variables.  Then five non-
dimensional variables can be constructed: l/d, L/D, d/D, ρg/ρL and x.  Now there are six dimensional variables left, 
and they are 
•
m , d, g, ρL, µL and σ.  The three basic dimensions are M, L, T and the corresponding units are kg, m 
and second.  The following three non-dimensional variables (the scaling variables are 
•
m , d, ρL) are derived 
applying the Buckingham PI theorem: 
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Reorganizing these three non-dimensional variables, it is found that they are actually Froude number, 
Reynolds number and Weber number.  Based on the fundamental meaning of these non-dimensional numbers, 
different formats of these variables can be derived.  For example, Froude number is the ratio of inertia force to 
gravity force, so it can be derived in the following way: 
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Reynolds number shows the relationship between inertia force and viscous force.  Since there is only one 
fluid (viscosity) used in the current study, Reynolds number is less important comparing to the other two non-
dimensional parameters. The Froude numbers of vapor and liquid include most variables needed in the distribution 
study.  Meanwhile, inertia force and gravity force are considered very important factors affecting the phase 
separation in this study.  When the l/d and L/D are fixed, they can capture the mass flow rate, quality, density ratio 
and expansion ratio at the inlet of the header and describe more generalized characteristics of two-phase 
development in the header.  Weber number is another important parameter to explain the flow pattern change 
because surface tension force may cause significant change of kinetic energy and pressure field so that significant 
change of flow patterns may occur.  Currently, only Froude numbers are chosen as the coordinates of the flow 
mapping in this study as an initial step.  Weber number will be addressed in the flow mapping study in the future. 
6.5 Two-phase Flow Distribution in the Header  
Vapor flow distribution is measured in the vapor test loop.  Ball valves are used to calibrate the pressure 
drops in the vapor test paths to prevent from the influence of valve switch (referring to Chapter 4).  Single phase N2 
is used as the working fluid for this calibration.  Since liquid distribution is more important in this study and vapor 
flow measurement is in a limited range, only liquid distribution data are reported in this research.  The errors of 
liquid distribution measurements are below 10%. 
6.5.1 Two-phase flow distribution results 
Four kinds of distribution indicators are used to characterize the distribution in this document.  Some of 
them are used in other distribution studies.  The first one is liquid fraction (in percentage).  It is defined as the 
percentage of liquid mass flow rate in the specified branch with respect to the total liquid mass flow rate.  Plotting 
the liquid fraction in each branch together in one chart illustrates the distribution shape.  A sample of the 
  100
representative shapes of distribution results and the comparison between specific flow patterns is shown in Figure 
6.5.  It is clear to see the importance of pooling which can dominate and also worsen the distribution (close to half of 
the total liquid flow flows to one branch due to pooling).  On the contrary, the mist flow at the condition shown here 
tends to homogenize the flow and is helpful to improve the distribution. 
The second indicator, which is currently used by a few researchers, is the flow ratio in a normalized 
manner, i.e. Vist and Pettersen (2003). It is defined as: 
∑
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where, i/j is the branch number; N is the total number of branches; k=l(liquid), or k=v(vapor).  This format can be 
used as a general form for the manifold with any number of branches.  Obvious, if the flow ratio of each branch tube 
is 1 or close to 1, this distribution is very uniform.  If not, the deviation from the level of flow ratio 1 indicates how 
non-uniform distribution it is.  Examples are shown in Figures 6.8 and 6.9.  This measure is used later through the 
text.  
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Figure 6.5 Distribution results for the typical flow pattern 
The third measure is standard deviation (STD) of the liquid fraction for all the branches, which is another 
sign of the degree of distribution uniformity.  It reflects the deviation from the mean (in this case with five branches 
0.2) of the liquid fraction for each branch.  The advantage of this measure is that one number can roughly show the 
whole degree of maldistribution in one condition.  The disadvantage is the unclear distribution shape.  Standard 
deviation is defined as a square root of the variance: 
( ) nxxVARSTD meani /2∑ −==  
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where, xi is the liquid fraction for one branch, xmean is the mean value of the entire population of liquid fraction, and 
n is the number of branches.  For instance, n is 5 and xmean is 0.2 for five branches, the maximum standard deviation 
(worst distribution case when the liquid goes only into one branch and the others are empty) is represented by:  
( ) ( )[ ] .4.05/2.0042.01 22max =−×+−=STD  
So, a smaller STD indicates better distribution. 
The last one, which is defined specially in this study, is the distribution shape of a representative 
distribution result.  Figures 6.6 and 6.7 show an example of the liquid distribution shape as a function of the mass 
flow rate and quality for a fixed l/d at the inlet of the header.  Some shapes are observed in other conditions with 
different diameter inlet tubes (not shown here). 
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Figure 6.6 Liquid distribution for 9.5 mm inlet tube with 20% quality 
0
10
20
30
40
1 2 3 4Vapor quality
Li
qu
id
 fr
ac
tio
n 
 %
Branch1
Branch2
Branch3
Branch4
Branch5
0 10% 20% 30%
 
Figure 6.7 Liquid distribution for 9.5 mm inlet tube with 25 g/s 
For convenience, the following names are given to the typical shapes of distribution: Left hill—most liquid 
flow in the front branches of the manifold; Right hill—most liquid flow in the downstream branches; Center hill—
most liquid flow in the central branches—Valley—more liquid flow in both sides of branches and less in the center; 
Plain—uniform liquid distribution.  In the next section, the influences on distribution by different factors are 
discussed. 
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6.5.2 Vapor quality effect on distribution 
The following distribution results are obtained for the conditions with 9.5 mm and 6.4 mm inlet tubes.  
Figures 6.8 to 6.13 show liquid distribution as a function of inlet vapor quality.  The degree of influence is also 
different according to different total mass flow rate.  Ideal distribution would have flow ratio 1. 
In low total mass flow rate condition (15g/s), Figure 6.8, the influence of the change of inlet quality is not 
very significant due to the low inlet momentum.  Because the last branch is almost empty, left hill distribution shape 
is observed so that the degree of maldistribution is large.  With the mass flow rate increasing a little (20g/s) in 
Figure 6.9, the increase of inlet quality tends to change the distribution shape from left hill to valley and center hill, 
although the distribution is still not uniform.  When the mass flow rate is increased to 25 g/s in Figure 6.10, the 
influence of the increase of inlet quality on distribution is going to the positive direction.  More liquid flow is 
observed in the downstream branches with the increase of quality and the degree of maldistribution is decreased to 
some extent.  
When mass flow rate is increased further (30 g/s) in Figure 6.11 flow ratios are very close to 1 for high 
quality conditions such as 30% and 33%.  The most uniform distribution is observed in this situation.  However, if 
mass flow rate goes to 40g/s in Figure 6.12, the difference of distribution under different inlet qualities is small.  
Also the degree of maldistribution is again noticeable even in higher quality conditions.  By checking the 
visualization results, we find some liquid pooling accumulated close to the inlet of the manifold due to the re-
circulation.  For smaller inlet tube (6.4 mm), the distribution result is shown at the condition of 30 g/s mass flow rate 
in Figure 6.13.  The increase of inlet quality still tends to improve the distribution except that the increase of the 
inertial velocity negatively affects the distribution by creating rear pooling and front pooling.  
Nevertheless, the increase of inlet quality tends to improve the liquid distribution in most conditions until 
the front pooling is formed.  Recalling from the analysis of flow structure in the manifold, the higher the inlet 
quality, the more possible the inlet flow is in the expansion region or developing region so that the flow structure in 
the header is more homogenous. 
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Figure 6.8 Influence of inlet quality for 15g/s, 9.5 mm inlet 
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Figure 6.9 Influence of inlet quality for 20g/s, 9.5 mm inlet 
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Figure 6.10 Influence of inlet quality for 25g/s, 9.5 mm inlet 
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Figure 6.11 Influence of inlet quality for 30g/s, 9.5 mm inlet 
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Figure 6.12 Influence of inlet quality for 40g/s, 9.5 mm inlet 
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Figure 6.13 Influence of inlet quality 30 g/s, 6.4 mm inlet 
6.5.3 Total mass flow rate effect on distribution 
The distribution results as a function of mass flow rate are illustrated under two inlet tube diameters (9.5 
mm and 6.4 mm) in this section.  Unlike inlet quality, the increase of mass flow rate mainly elevates the initial 
velocity (momentum), but has less effect on the properties of two-phase flow (such as droplet size, void fraction, 
etc.).  For Figures 6.14 to 6.16 with 9.5 mm inlet, the increase of mass flow rate also tends to uniform the liquid flow 
to each branch under the current flow rate range.  For low quality condition (10%), with the increase of mass flow 
rate, the distribution shape is changed from left hill to center hill, then to plain until left hill occurs due to the 
formation of front pooling at too high inertial momentum conditions. 
For higher quality conditions (20% and 30%), although the increase of mass flow rate doesn’t provide 
completely uniform distribution, it does provide better distribution and have positive influence on the improvement 
of distribution.  Also the influence is significant.  On the contrary, in Figure 6.17 with 6.4 mm inlet tube, change of 
distribution curve is not significant when the mass flow rate is increased to a level (40~50 g/s).  The explanation is 
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that the rear pooling dominates the distribution and that pooling changes slowly if the mass flow rate is increased 
further over 30 g/s. 
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Figure 6.14 Influence of mass flow rate for 10%, 9.5 mm inlet 
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Figure 6.15 Influence of mass flow rate for 20%, 9.5 mm inlet 
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Figure 6.16 Influence of mass flow rate for 30%, 9.5 mm inlet 
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Figure 6.17 Influence of mass flow rate for 10%, 6.4 mm inlet 
6.5.4 Inlet tube diameter effect on distribution 
Figures 6.18 to 6.22 show the influence on distribution coming from the change of inlet tube size.  It is 
known that the decrease of inlet tube size increases the initial velocity under the same mass flow rate and quality 
conditions.  It also increases the expansion ratio of the cross-section area of manifold and inlet, which can result in 
more violent expansion.  The following results show that in low mass flow rate and quality conditions (i.e. 20g/s 
10%), the initial momentum at the large inlet (9.5 mm) is too small to convey the liquid to the end of the manifold.  
So the decrease of inlet tube size can overcome this problem.  But for larger mass flow rate and/or larger quality 
conditions, smaller inlet tubes always create more troubles, such as rear pooling, front pooling or front-rear pooling.  
This is caused by strong re-circulation of liquid because two-phase flow is not homogenously filled in the manifold 
and there is a strong flow moving in the center in forward direction with backward flow in the surrounding.  So it is 
better to prevent having a strong jet with low quality.  Also, it is shown that the smaller the inlet tube, the easier for 
the pooling to occur.  There are few cases of front pooling and almost no rear pooling for 9.5 mm inlet tube.  Based 
on this finding, large inlet tube size and small expansion area ratio seem to provide better distribution in the current 
studied range of operational conditions.  More distribution results are shown in Appendix B. 
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Figure 6.18 Influence of inlet tube size for 20 g/s 10% 
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Figure 6.19 Influence of inlet tube size for 20 g/s 20% 
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Figure 6.20 Influence of inlet tube size for 20 g/s 30% 
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Figure 6.21 Influence of inlet tube size for 30 g/s 10% 
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Figure 6.22 Influence of inlet tube size for 30 g/s 20% 
6.6 Flow Pattern Maps and Distribution Maps in the Header  
The two-phase flow map is an important information for the analysis and modeling of two-phase flow 
phenomena and related heat transfer problems.  Various two-phase flow maps have been generated for developed 
flow regimes.  In this study, this technique is also applied to characterize the flow development in the header, but 
conventional maps found in literature don’t apply.  In addition to mapping flow regimes, information about 
distribution shapes and degrees of distribution (STD) are correlated with intention to provide a tool for better 
understanding and design of heat exchanger headers.  
There is no need to emphasize importance of the selection of map coordinates.  According to the previous 
dimensional analysis, one option is to use Froude number of vapor and liquid to attempt to generalize conclusions 
for different fluids.  It should be kept in mind that two non-dimensional parameters (l/d and L/D) are not included in 
the coordinates.  It means that these results in one map cannot be generalized to other geometries of manifolds, but 
apply for one specific inlet tube and the generic header in the current study.  
The transition curves between different flow pattern regimes represents transition areas (transition is not 
sudden).  Figures 6.23 to 6.25 present the flow pattern and distribution maps for 9.5 mm inlet tube.  In Figure 6.23, 
when looking at the location of each region with respect to the Frg and FrL, it is found that the stratified flow region 
is located in the lower level of the map where Frg is relatively small.  So, two-phase flow in the manifold maintains 
stratified status if the initial momentum of vapor is very small comparing to the gravity effect on liquid, unless much 
larger initial momentum of liquid is provided to eject the liquid.  With increase of quality initial momentum of vapor 
can be increased significantly so that the flow regime is moved from stratified to jet .   
However, it is difficult to obtain the change of flow pattern for this diameter inlet by just increasing the 
liquid momentum.  The jet flow is located about the center of this map with the moderate level of vapor and liquid 
initial momentum.  Front pooling is observed when both vapor and liquid initial momentums are large.    
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Figure 6.23 Developing flow pattern map using Froude number (9.5 mm inlet tube) 
 
Figure 6.24 Distribution shapes in the developing flow pattern map using Froude number (9.5 mm inlet tube) 
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Figure 6.25 Distribution results represented by STD in the developing flow pattern map using Froude number 
(9.5 mm inlet) 
The distribution shapes and STD in Figures 6.24 and 6.25, show similar contours.  That indicates that plain 
shapes or smallest STD points tend to clump together with other similar shapes.  For this 9.5 mm inlet tube better 
distribution (small STD) are located in or close to the right part of the mist flow region and the best distributions 
exist exactly in that part of mist flow region.  The flow in the left part of the mist flow region cannot reach to the 
other end of the manifold because of the low liquid initial momentum, resulting in the globally imperfect 
distribution. 
Following the same strategy, the maps for 6.4 mm inlet tube are constructed.  In Figure 6.26, similar 
geometric flow pattern map is drawn to the one in Figure 6.23 except that the locations of these regions move to the 
right up a little bit due to the increase of inlet mass flux with the decrease of inlet diameter.   
When checking Figures 6.27 and 6.28, no significant contour feature of distribution is found.  The 
distribution shapes and STD points behave irregularly in any flow pattern region.  This hints that for this smaller 
inlet tube, there is no absolute best distribution zone in the specific flow pattern region.  Although worst distribution 
is still normally found in the stratified region, the trend of distribution change is obscure in other regions.  With any 
small momentum change of vapor and/ liquid phase, the degree of distribution can change dramatically from good to 
bad or vice versa.  In this case, it is easy to control the distribution in a stable level.   
Next, the distribution results for 3.2 mm inlet tube are also studied.  It is found that the distribution is even 
worse due to the dominance of front pooling by strong re-circulation flow (the visualization results are shown in 
Appendix C).  This finding again shows the importance of the expansion area ratio, which is better to be smaller for 
the improvement of distribution.   
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Figures 6.29 to 6.31 show these results for the two inlet diameters together.  The similarity of flow pattern 
region curves is explored with a small shifting of location.  However, the overlapping of the distribution data for the 
close test points is not found, which indicates that the size of inlet tube does matter in this format of mapping.  
 
Figure 6.26 Developing flow pattern map using Froude number (6.4 mm inlet tube) 
 
Figure 6.27 Distribution shapes in the developing flow pattern map using Froude number (6.4 mm inlet tube) 
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Figure 6.28 Distribution results represented by STD in the developing flow pattern map using Froude number 
(6.4 mm inlet tube) 
 
Figure 6.29 Developing flow pattern map using Froude number 
Solid icon—9.5 mm; Empty icon—6.4 mm 
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Figure 6.30 Distribution shapes in the developing flow pattern map using Froude number  
Solid icon—9.5 mm; Empty icon—6.4 mm 
 
Figure 6.31 Distribution results represented by STD in the developing flow pattern map using Froude number 
Solid icon—9.5 mm; Empty icon—6.4 mm 
Figures 6.32 and 6.33 use a different coordinate system to describe this distribution problem and it is 
consistent with the mapping (Thome (2002)’s map) in inlet tube studies.  This way of data presentation is more 
convenient for the purpose of practical usage.  It is easy to point out that, in Figure 6.32, stratified flow occurs in the 
area of low vapor quality and low/median level of mass flux; mist flow is in the zone of high quality and low/median 
level of mass flux; jet flow is formed when mass flux in median level and quality in low/median level; rear pooling 
is accumulated when mass flux is very high and quality in low/median level; when both mass flux and quality are in 
the high level, front pooling is observed.  Again, by plotting the transition curves for both inlet tubes, some 
similarities between them are shown except for a little bit shift of curve location.  
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Figure 6.32 New developing flow pattern map using vapor quality and inlet mass flux  
Solid icon—9.5 mm; Empty icon—6.4 mm 
The analysis of Figure 6.33 shows close trend of distribution results as before.  The distribution of degree 
of distribution shows more regularity in 9.5 mm inlet where good distribution is seen in median level of mass flux 
and median/high level of quality and best distribution in high quality area.  However for 6.4 mm inlet, good 
distribution is found some in all possible area of median/high mass flux and low/median quality mixed with other 
degree of distributions.  Meanwhile, these maps (if generalized further) can be used as a potential tool to guide 
people to design the uniform distribution (or whatever the distribution preferred) under the required operational 
conditions. 
 
Figure 6.33 New distribution map using vapor quality and inlet mass flux  
Solid icon—9.5 mm; Empty icon—6.4 mm 
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6.7 The Effect of Flow Development in the Inlet Tube on Distribution 
According to the results in Figure 6.33, when inlet tube diameter is small (6.4 mm), inlet mass flux is larger 
than 600 kg/m2s in most tested conditions, resulting in strong inlet momentum.  The flow patterns are dominated by 
jet with pooling so that it is difficult to find a contour zone of good distribution comparing to the distribution using 
9.5 mm inlet tube. When checking the conditions for the good distribution zone (STD<0.1) of 9.5 mm, inlet mass 
flux is in the range from 400 to 600 kg/m2s and quality is from 0.1 to 0.35.  The flow development length in the 
expansion region of inlet tube has been reported in Chapter 5.  It is presented again in Figure 6.34 with marked 
region showing conditions with reasonably good distribution (STD<0.1) for 9.5 mm inlet tube.  
Figure 6.34 also shows that diameter does not matter much to the development length of expansion so that 
these data can be used to provide information of expansion region length for 9.5 mm copper inlet tube.  Applying 
the mass flux range and quality range found in the distribution maps, the points in the rectangular area are outlined 
to indicate the expansion region lengths for the conditions of good distribution zone.  Considering these 
measurements starting from the inlet of inlet tube, which is 20 mm away from the center of the expansion valve, the 
actual development length of expansion region from the expansion valve is in the range from 105 mm to 150 mm 
(and even higher if the criterion of liquid film formation at the bottom is used in Figure 6.35).  
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Figure 6.34 Expansion length from the inlet of tube 
Blue—15.3 mm; Pink—12 mm; Green—8.7 mm; Red—6 mm 
It is also noticed that most conditions in the good distribution zone have qualities higher than 15% so that 
120 mm to 150 mm are mainly the expansion region lengths for the conditions of that zone.  Since the inlet tube 
used in experiments was 120 mm long that means that inlet to the header was in expansion (homogenous) flow 
regime.  That relates good distribution in the header with the expansion region at the inlet. 
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Figure 6.35 Length of the start of liquid film at the bottom from the inlet of tube 
Blue—15.3 mm; Pink—12 mm; Green—8.7 mm; Red—6 mm 
When the flow development status at the inlet of the header is in the expansion (homogenous) region of the 
inlet tube, the slip ratios are close to 1 based on the homogenous assumption inlet liquid velocity is defined as U2. 
Visualization for 9.5 mm inlet tube shows that the shooting lengths for some conditions can be measured with less 
than 10% error.  Since the jet is 3-D, the range from the minimum to maximum shooting length is measured.  In the 
cross section view, minimum corresponds to the bottom streamline of the jet at the inlet and maximum the top 
streamline of the jet in the two-dimensional central vertical plane.  If gravity force is assumed to be the dominant 
force, Newton’s second law can be applied to calculate the horizontal inlet velocity of liquid phase from the 
shooting lengths.  The inlet liquid velocity estimated from the largest shooting length here is called U1, which 
captures the flow with the largest inertial property.  However, when plotting U1 and U2 together in Figure 6.36 for 
different conditions and comparing to the slope 1 line, significant deviation is shown in most high quality 
conditions.  This indicates the gravity force is not the dominant force in those conditions and Newton second law is 
not a proper method to back out the inlet liquid velocity. 
Figure 6.36 shows that U1 and U2 are actually very close to each other for low quality (x=10%) and low 
inlet mass flux (140 kg/m2s) conditions.  So gravity force dominates the flow in these conditions.  When checking 
these conditions in Figure 6.34 and Figure 6.35, the expansion length defined from either density change in the top 
or film formation at the bottom is in the range of 80 mm and 100 mm away from the expansion valve.  So the 
current inlet tube length (120 mm) is longer than this range, which indicates the inlet flow is in the developing 
region or close to developed region (checking the developed region length in Chapter 5) with liquid film at the 
bottom.   
With the increase of quality and mass flux, inlet flow status is moving to the expansion region and the 
deviation between U1 and U2 becomes larger.  Then, Newton’s second law is not a proper method for the inlet 
velocity estimation.  From the previous analysis about the droplet size and Stokes numbers in Chapter 5, this change 
can be explained by the dependence of liquid movement more on Stokes number and less on Newton’s second law 
with the increase of quality and inlet mass flux.  It is concluded that in order to reach the good distribution zone of 
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the header, a homogenous mist flow is desired with the inlet flow developed in (or close to) the expansion region of 
inlet tube. 
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Figure 6.36 Comparison between estimated inlet velocity U1 from jet shooting length and estimated inlet 
velocity U2 from homogenous assumption (inlet d=9.5 mm) 
6.8 Numerical Simulation Results  
6.8.1 Introduction 
In order to help understand the experimental data better and explore parameter space more in details 
especially having in mind difficulties of experimental work, one option is to use a commercially available CFD 
program.  Among several alternatives FLUENT was chosen because of positive evaluation in Venugopal (2000). 
Jones and Galliera (1998) were first (and only so far in the open literature) using FLUENT to simulate 
single-phase flow distribution in the manifold and indicated that FLUENT software performed very well in 
calculating the larger-scale features of branching and manifold flows, except for the weakness in the ability for 
simulating the complex physics of branching flows.  Because of the complexity of two-phase refrigerant flow 
distribution in various manifold geometries, few programs in open literature were proven to simulate successfully 
this phenomenon.   
Initially FLUENT 5 was tested, which was the only available version at that time.  In order to capture the 
liquid distribution in the domain (header) for high quality conditions (more interesting and important), it is necessary 
to use Eulerian-Eulerian (E-E) approach based on the continuous assumption on the dispersed liquid phase in order 
to get a steady state result.  Mixture model, which is a simplified E-E model, is the only available multiphase model 
in FLUENT 5 close to this requirement (referring to the FLUENT5 guide 1998).  However, this model can only deal 
with very small droplet flow (Stokes number needs to be close or less than 1), which behaves as a single-phase flow. 
Even then, it is still difficult to get a good convergent result.  The continuity residual can only be decreased from 1 
to 10-2.  
However, in the newly released FLUENT 6, a true E-E model is included and coupled with three 
multiphase turbulent models: mixture model, disperse model and each phase model (referring to the FLUENT 6 
guide 2002).  It needs to be emphasized that all the results shown in this document are obtained using FLUENT 6.  
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By testing 2-D distribution cases first, it is found that the convergence was improved and this model could also be 
useful to simulate large droplet flow.  In the following sections, the simulation work will be shown step by step. 
Both 3-D and 2-D cases are using velocity inlet condition and pressure outlet conditions. 
6.8.2 Test case of single-phase simulation  
The first step of 3-D simulation is to validate the FLUENT 6 simulation in single-phase calculations by 
comparing with CFX simulation and LDV experimental results.  To do this, a simplified test section with sudden 
expansion was chosen since it exhibits many of the basic features of flow in the manifold, see Figure 6.37.  This test 
section is made of 3.175 mm (1/8”) thick acrylic to provide visualization effect.  It consists of a 12.7 mm (1/2”) 
diameter pipe expanding into a 38.1 mm×38.1 mm×304.8 mm channel, with a contraction into a 12.7 mm pipe at the 
exit.  The length of the inlet pipe here is sufficiently long (304.8 mm) to assure hydrodynamically fully developed 
flow at the inlet. The length of the exit pipe is set at 50.8 mm long.   
304.8 mm 
38.1 mm 
38.1 mm 
12.7 mm 
y 
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Figure 6.37 Single-phase flow test section with sudden expansion 
In both experiment and simulation, air was used as the working fluid, and it was selected with sub-micron 
diameter silicon oil droplets, which had a Stokes number much less than one, thus ensuring that they follow the 
vapor flow.  The inlet condition was set to have a maximum centerline velocity of 30 m/s.  The experimental part 
was finished by Chad Winkler who used a two-component LDV to measure velocities in the streamwise and vertical 
directions at several downstream positions.  Winkler also used CFX to get the simulation results for the same 
condition.  Based on these results, FLUENT 6 is used to obtain the following results under the exactly same 
geometry and operational conditions.  Figure 6.38 shows the performance of the convergence by plotting the 
residuals for all the parameters.  It is clear that the convergence in this simulation is perfectly satisfied with small 
residuals.  Figure 6.39 and Figure 6.40 show the comparison of different simulation methods with experiments on 
the horizontal velocity distribution along the central vertical line with distance of 23 mm and 63 mm away from the 
inlet. It appears that FLUENT 6 simulation with standard k-ε model presents closer results than other model or 
methods.  This standard k-ε turbulent model is used in current two-phase flow simulation.  Figure 6.41 and Figure 
6.42 show the comparison of different simulation methods with experiments on the vertical velocity distribution 
along the central vertical line with distance of 23 mm and 63 mm away from the inlet.  At this time none of these 
simulation methods show good fitting to the experimental results, especially far away from the inlet.  As to the 
expansion amplitude, it looks as though CFX can capture the peak better and FLUENT can capture the tail better.  
Please keep this flaw in mind, which may explain the future deviation of simulation from experiment.  Because of 
the powerful functions and widely usage of FLUENT software, it is selected to carry on the numerical simulation in 
two-phase flow distribution study. 
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Figure 6.38 Simulation residuals for this single-phase test case 
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Figure 6.39 Comparison for the stream wise U velocity at 23 mm from inlet 
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Figure 6.40 Comparison for the stream wise U velocity at 63 mm from inlet 
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Figure 6.41 Comparison for vertical V velocity at 23 mm from inlet 
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Figure 6.42 Comparison for vertical V velocity at 63 mm from inlet 
6.8.3 Two-phase flow simulation results  
For two-phase flow simulation, the real geometry of the generic header is used as the domain in the two-
phase flow simulation.  Due to the complexity of the header geometry (even generic header) for simulation, it needs 
to be emphasized that the meshing of domain is one of the most important steps during the whole simulation.  Figure 
6.43 shows the 3-D hexahedral meshes in the current header geometry, which is the same as the header used in the 
experiment (except for the use of rectangular outlet branches).  
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Figure 6.43 Structured mesh for generic header 
The inlet tube has 9.5 mm diameter and 120 mm length (same as the experiment).  The geometry consists 
of 27 blocks with a total of 268096 cells in the entire geometry.  The normalized equiangular skewness is used to 
show the mesh quality.  It is defined as: 
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−
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θθ
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180
max  
where θmax(θmin)—largest(smallest) angle in the face or cell;  θe—angle for an equiangular face or cell(e.g. 90 for 
square).  According to this definition, a value of 0 indicates best mesh quality and a value of 1 indicates worst mesh 
quality.  The skewness of the mesh in Figure 6.43 is less than 0.5, which shows good mesh quality.   
The continuity residual history of FLUENT 6 in this study is about 10-3 (a sample residual shown in Figure 
6.44), in some cases 10-4 even for large droplet flow.  Comparing with the convergence analysis in single-phase flow 
simulation, the residuals here are much larger due to the complexity of two-phase flow.  Although the convergence 
and stability are worse in two-phase flow simulation (challenging issue), the level of 10-3 is generally an acceptable 
number.  According to the settings used, normally stable convergence is observed after 2000 iterations.  
In this simulation, integrated solver and implicit scheme are used to provide 3-dimensional steady state 
computation with absolute velocity formulations.  Eulerian two-phase model (referring to the discussion in Chapter 
4) without interphase mass transfer is selected and standard k-ε is applied for each phase based on the analysis of 
single-phase simulation.  R134a is used as the working fluid with two phases.  Liquid droplet diameter is firstly 
estimated to be 400 µm with uniform distribution (for convenience), referring to the previous PDPA measurement.  
This assumption is made based on currently available information about droplet size.  And the influence of droplet 
diameter on distribution is going to be addressed later.  Uniform velocity profile is assumed in each phase for 
convenience given by the available data. The slip ratio of 1 is assumed for some homogenous conditions at the inlet.  
For other conditions, liquid velocity can be estimated from the shooting length and PDPA data, then vapor velocity 
can be calculated for the given mass flow rate and quality.  
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Figure 6.44 Sample residual plot for 46.5 kg/m2.s, 30%, slip=1.0 at the inlet of tube 
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Figure 6.45 Comparison of flow pattern and distribution between experiment and FLUENT 6 (9.5 mm inlet, 31 
kg/m2.s, 20%) 
In order to compare with the experimental results, several ways of presentation are carried out.  The plot of 
volume fraction of liquid distribution illustrates the properties of two-phase flow mixture in each control volume.  
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Obviously the mass flow rate computed in each branch is also plotted together to compare with the experimental 
distribution in the same format.  Figure 6.45 presents the comparison of condition 31 kg/m2.s and 20% for 9.5mm 
inlet tube.  Slip ratio is set at 1.5 in order to fit the estimated inlet velocity from the experiment.  It seems that 
FLUENT 6 successfully captures the main flow structure in this case study and simulation provides more insights 
about flow development (volume fraction of liquid distribution in cross-section area), which can not be obtained by 
experiments so far.  Both results show that the jet touches most parts of the first outlet and FLUENT 6 shows more 
significant pooling in the end, which is not very obvious in the experiment.  By looking at the distribution results, 
some similarities are observed.  Both have a valley shape of distribution with comparable scales.  On the other hand, 
the difference is obvious for the flow rate of second branch, where FLUENT 6 shows higher liquid fraction than 
experiment.  The analysis of this deviation is reported in the next section. 
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Figure 6.46 Comparison of flow pattern and distribution between experiment and FLUENT 6 (9.5 mm inlet, 46.5 
kg/m2.s, 30%) 
Meanwhile, another sample condition of 46.5 kg/m2.s and 30% are simulated for 9.5 mm inlet tube.  Both 
comparison of flow pattern and flow distribution are shown in Figure 6.46.  From the results of two-phase flow 
study in the inlet tube, very homogenous flow is created after the expansion valve.  It is safer to assume slip ratio is 
1 in this condition.  By comparing the flow pattern in the photo with volume fraction of liquid distribution, similar 
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shooting length is observed (the jet touches about the second outlet).  But the jet in the simulation is narrower than 
the one in experiment.  This means that the expansion (or dissipation) of homogenous two-phase flow right after the 
inlet of the header is not captured well.  Also the rear pooling in the simulation is thicker, which results in larger 
flow rate in the last branch in simulation.  The volume fraction of liquid distribution in the cross-section area in the 
inlet tube shows no significant separation at the inlet of the header. 
The comparison of the distribution shows some similarity in the last four branches, but not the first one.  
Almost no liquid flow is shown in the simulation result.  By checking the volume fraction of liquid plot, the jet goes 
over the first outlet without touching it.  Also no significant re-circulated liquid flow is observed to contribute to the 
first outlet. 
6.8.4 Two-phase flow simulation evaluation  
When making further comparisons between experiments and FLUENT 6, the difference between 
experimental results and FLUENT simulation can be explained as follows:  
1. The jets in both simulation results are narrower than the ones in the experiments.  Therefore the models in 
FLUENT 6 do not capture the flow expansion very well.  It is consistent with the proof of single-phase 
velocity profiles, where the vertical velocity magnitude from the computation is smaller than the one in the 
experiment.  The direct outcome is that in simulation the jet touches walls later so that less liquid is 
separated in the front of the header in the simulation.  This problem is difficult to overcome at this point. 
2. The re-circulation flow in the experiment is much stronger than the one in the simulation.  On the contrary 
the rear pooling accumulated in the simulation is much stronger than the experiment.  The consequence is 
that more liquid is seen in the last branch and less liquid in the first branch in simulation.  It appears that 
reducing the momentum of liquid phase at the header inlet in the simulation could improve FLUENT 
results. 
3. In the real experiments, the droplet diameter is distributed in a wide range (e.g. 100 ~ 400 microns).  The 
PDPA results indicate that at the inlet of the header, the largest droplets are concentrated at lower level, and 
have the lowest velocity.  So our uniform droplet diameter distribution assumption results in less liquid rate 
in the front branches without capturing the slow large droplets (which also has mass capacity).  In order to 
improve the simulation from this point, more detailed PDPA test is needed to provide accurate input droplet 
distribution profile in each grid point.  
4. Also in reality, the velocity profile for each phase (especially liquid) may not be uniform even in the very 
homogenous conditions.  There is always a liquid film (often has large mass) at the bottom of the inlet with 
large slip ratio.  This situation cannot be considered in FLUENT model so that the overvalued inlet velocity 
creates the shape of distribution in FLUENT results 
5. Moreover, the Eulerian-Eulerian model in FLUENT 6 treats the liquid phase as one continuous phase with 
a property of one droplet size.  If the two-phase flow is not homogenous enough, the error of using this 
model may be significant. 
 
Besides demonstrated good qualitative and reasonable quantitative agreements with experiments, it can also 
provide very detailed information in the specified interesting area, such as Figure 6.47.   
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Figure 6.47 FLUENT 6 plot for volume fraction of liquid contour and velocity vector field in specified planes 
(31 kg/m2.s, 20%) 
6.8.5 Examples of variation of some parameters using simulation  
The first parameter to explore is geometry: the dimension and shape of the manifold, the inlet connection 
style and inlet tube dimension, the outlet connection style and dimension (number of outlets), the orientation of the 
manifold, etc.  Good design of mesh is essential.  The more complex the geometry is, the more difficult generating 
the mesh is.  For example, different inlet tube lengths were applied to see the influence on distribution.  The 
comparison between these simulations is shown in Figure 6.48.  It looks as though that the inlet flow is more 
developed with the increase of inlet tube length, so that more liquid goes to the first branch.  Then, it shows a 
possibility of using FLUENT 6 to simulate the distribution in a microchannel /plate heat exchanger with a more 
realistic geometry. 
Secondly, the total mass flow rate and quality can be easily varied to provide different velocity and void 
fraction inlet conditions.  On the other hand, slip ratio can be adjusted to provide different relative velocities 
between two phases at the inlet of the domain.  
Figures 6.49 and 6.50 present effects of manipulation of mass flow rate, quality and slip ratio on simulated 
distribution.  Comparing these results to Figure 6.45 , it is evident that by fine adjusting parameters one could 
artificially improve simulation results.  Also the outlet conditions can be varied easily by providing any preferred 
pressure distribution. 
Thirdly, the droplet size can be easily adjusted to see its influence on distribution.  As shown in Chapter 5, 
the droplet size has small effect on the flow development in the inlet tube.  By inputting two different droplet 
diameters in FLUENT 6, significant difference of distribution is shown between these two computational results in 
Figure 6.50.  It appears that for this situation, small droplet size (<200 µm) is not a good estimate of input condition 
for the simulation of the experimental result shown in Figure 6.45.   
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Figure 6.48 Comparison between two simulations with different inlet tube length (9.5 mm, 31 kg/m2.s, 20%, 400 
µm, slip ratio=1.5) 
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Figure 6.49 Comparison between two simulations with slightly different inlet conditions (9.5 mm, 400 µm) 
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Figure 6.50 Comparison between two simulations with different droplet diameters (9.5 mm, 31 kg/m2.s, 20%) 
6.8.6 Flow field analysis (velocity, pressure)  
Plane A and B in Figure 6.51 are areas very close to the sidewalls.  Because of the symmetry of the 
geometry, the flow field in these two planes should also be the same, see velocity vector field in Figure 6.52.  Plane 
C is the top zone close to the top wall.  Figure 6.53 shows the velocity field in this plane, where the weak reverse 
velocity is observed (although obscure) due to the small magnitude.  The reason is that the liquid jet falls down by 
gravity and only reverse flow occupy the top area in the domain, and this reverse flow is too weak to result in 
significant backward liquid movement.  So very small liquid flow is observed in the first branch comparing with the 
experimental results.  Plane D is the bottom area close to the bottom wall.  Figure 6.54 shows the velocity 
distribution in this plane, where significant liquid movement covers most area around the first and second branches.  
This explains why there is large percentage liquid flow there.  The planes from E to J are the cross-section area 
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along the x direction (main streamwise direction) and the corresponding velocity vector fields are shown in Figure 
6.55.  The jet development is shown from the beginning, attenuating and disappearing.  The complete view of the 
global velocity distribution and local velocity distribution in the specified areas are shown in Figure 6.56.  These 
images present the detailed information of velocity field with capturing re-circulation flow, vortex at the corners and 
the split of the flow around the outlet branches. 
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Figure 6.51 Schematic view of the planes for the study of liquid velocity field (9.5 mm, 31 kg/m2s, 20%, 400 
µm, slip=1.5) 
 
 
 
Figure 6.52 Liquid velocity vector field in side plane A or B with two zoomed images 
 
Figure 6.53 Liquid velocity vector field in top plane C  
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Figure 6.54 Liquid velocity vector field in top plane D with zoomed image 
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Figure 6.55 Liquid velocity vector field in cross-section planes  
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Image a 
 
 
Image b 
 
Image c 
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Image e 
 
Figure 6.56 Three-dimensional liquid velocity vector field with zoomed areas at the corners and in the 1st and 2nd 
branch areas (9.5 mm, 31 kg/m2s, 20%, 400 µm, slip=1.5) 
Since the color and size and of the arrows represent the magnitude of the liquid velocity, it is obvious that 
the reverse flow and re-circulation in this condition are weak comparing to the main flow stream so that no 
significant front pooling is found.  Meanwhile, it is also important to look at the static pressure distribution field in 
the manifold.  Figure 6.57 shows the pressure distribution alone the central vertical plane, central horizontal plane 
and cross-section planes in 3-D view for 46.5 kg/m2s.  A low pressure area is found right after the inlet of the 
manifold and high pressure area in the downstream of the manifold, where liquid velocity is low and liquid pooling 
is formed.  Referring to the simulated distribution results, the high pressure level at the exits of the branches is 
accompanied with large liquid flow percentage in the distribution such as there more liquid distributed in the last 
three branches for the condition of Figure 6.57.  When the pressures at the exits of the manifold are close, the 
pressure magnitudes in the branches determine the distribution, such as Figure 6.58 where large percentage of liquid 
go to the first two branches. This provides another direction to analyze the mal-distribution problem through 
pressure distributions in the manifold. 
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Figure 6.57 Pressure distribution contour of vertical and horizontal central plane and 3-D  
(9.5 mm, 46.5 kg/m2s, 30%, 400 µm, slip=1.0) 
 
Figure 6.58 Pressure distribution contour of vertical and horizontal central plane and 3-D  
(9.5 mm, 31 kg/m2s, 20%, 400 µm, slip=1.5) 
6.9 Upward Exit from the Header  
Initial work on the upward flow distribution has also been carried out by turning the original header upside 
down, as shown in Figure 6.59 (everything else is the same).  The visualization result of the flow pattern is shown in 
Figure 6.60.  In this case, bubble flow is observed and mainly directed by the buoyancy force and inertia, such as the 
droplet flow dominated by the gravity force and inertia.  Further studies about the upward flow distribution will be 
carried out in the future. 
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Figure 6.59 Configuration of the generic header in the upward flow study 
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Figure 6.60 Flow pattern photos (CCD and normal digital) for a typical condition (9.5mm inlet, 31 kg/m2s 
10%) 
6.10 Summary and Conclusions 
1. Five types of flow patterns are identified, and they are: stratified flow, liquid jet, jet with rear pooling, jet 
with front pooling, mist flow. 
2. Due to the secondary expansion from the inlet tube to the header and the closed end of the header, the flow 
structure in the manifold includes re-circulation and pooling which do not exist in the pipe flow.  These 
flow structures are closely related to the flow development at the inlet of the manifold. 
3. From the dimensional analysis, Froude number, Reynolds number and Webber number are the three most 
important non-dimensional parameters characterizing the physics of two-phase flow development in the 
manifold.  The modified Froude numbers of liquid and vapor are used to construct the flow maps. 
4. Four distribution indicators are identified and used: liquid fraction, flow ratio, standard deviation (STD) 
and distribution shape. 
5. When mass flux is fixed, the increase of inlet quality tends to improve the liquid distribution in most 
conditions before the formation of front pooling.  This influence is more significant in the high mass flux 
cases. 
6. Unlike inlet quality, the increase of mass flow rate mainly elevates the inertial velocity (momentum), but 
has less effect on the properties of two-phase flow (such as droplet size, void fraction, etc.).  It has small 
positive effect on distribution in some conditions without front and rear pooling. 
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7. Large inlet size/small expansion area ratio seems to provide better distribution in the studied range of 
operational conditions except for the stratified flow conditions.  Small inlet tube size can easily result in 
front pooling flow patterns due to strong inlet momentum and distribution is largely deteriorated thereafter.  
8. Flow pattern and distribution maps are constructed using both Froude numbers from dimensional analysis 
and Thome’s map format.  It appears that the flow map is a good way to analyze the relationship of flow 
patterns, distribution shapes and degree of distribution.  
9. Most uniform distributions occur when the flow pattern in the manifold is mist flow or close to mist flow 
pattern. 
10. A good stable distribution zone (STD<0.1) can be found for 9.5 mm inlet.  By checking with the findings 
of flow development in the inlet tube, the expansion lengths for the conditions in this zone are close or 
longer than the current 120 mm inlet tube.  It indicates that the flow development status at the inlet of 
manifold is located in or close to the expansion region of the inlet tube. 
11. From the analysis of jet shooting lengths, the droplet movement in the mist flow is dominated by Stokes 
number. 
12. Eulerian model in the Eulerian-Eulerian approach is used as the two-phase model in the FLUENT 6 
simulation.  In the single-phase test case, a good agreement of stream wise velocity profile is obtained 
comparing FLUENT results and LDV results.  But, for the comparison of vertical velocity profile, both 
FLUENT and CFX cannot provide a good match with LDV results. 
13. Two-phase flow simulation is applied to the same geometry and operating conditions as used in distribution 
experiments.  Simulated distribution results, volume fraction of liquid distribution, velocity and pressure 
field are presented.  A qualitatively good agreement is obtainable when proper conditions are applied. 
14. In order to improve the simulation performance, more accurate inlet conditions of droplet size distribution, 
velocity distribution need to be provided.  Also the simulation of vertical flow movement in FLUENT 6 
needs to be improved. 
15. The parameters in FLUENT 6 can be easily manipulated to provide different distribution results.  For 
example, it is easy to see the influence of inlet tube length on the distribution using FLUENT 6.  A better 
match with experimental results can be realized with the change of mass flow rate, quality and droplet 
sizes.  
16. FLUENT 6 simulations provide a convenient way to know the flow field (velocity and pressure) in detail.  
It can provide another way of analyzing the distribution problem from, such as pressure distribution.  It is 
concluded that based on the experimental results, FLUENT 6 can provide additional valuable information 
to develop further understanding of two-phase flow distribution in manifolds of heat exchangers. 
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Chapter 7. Two-Phase Flow Distribution in the Header of Real Plate Evaporators 
In order to expand this study to the more realistic geometry, this chapter presents experimental results of 
the refrigerant R134a distribution in the inlet header of plate evaporators in automotive air-conditioning systems, as 
a function of inlet operating conditions.  Typical conditions in such air-conditioning systems cover the: mass flow 
rates of 20-60 g/s, and inlet vapor quality at the inlet header of up to 30%.  The distribution of the refrigerant is 
expressed as the fraction of the liquid available at the inlet.  The distribution results are given with flow images 
followed by analysis and discussions of the results. 
7.1 Introduction  
The approach in studying two-phase refrigerant flow distribution in the header of the real plate evaporator 
is similar to the one in the generic header.  The focus is on the two-phase downward flow distribution in a horizontal 
header with uniform outlet pressures in adiabatic conditions.  The generic header is replaced with the header of real 
plate evaporator and the rest of the experimental facility is kept the same.  This header is placed in the cavity having 
transparent PVC windows to provide visualization.  The same procedures are followed to measure the operational 
conditions and distribution results.   
The objective of the chapter is to provide understanding of the effect of realistic geometry on distribution in 
similar conditions as used in the generic header (Chapter 6).  The flow patterns and distribution results with baffle 
effects are illustrated and compared to the ones in the generic header without baffles. 
7.2 Experimental Apparatus 
The experimental facility used in this study is the same one as shown in chapter 4 except for the header 
section.  Figure 7.1 presents the whole structure of a plate evaporator and the configuration of the inlet header 
section cut from it. 
Figure 7.1.A shows the cutaway of a plate evaporator through the fins after removing the first pass.  Figure 
7.1.B on the right shows the internal structure of the inlet header, which interacts with refrigerant flow.  This is 
actually the front view of the header showing three openings in the plates separated by baffles.  The dashed lines 
show the locations of the side cuts by removing the leading and trailing edges.  This allows for the flow pattern to be 
observed from the cut side, which is shown in Figure 7.1.C.  In order to allow for separate collection of refrigerant, 
those fins at the bottom of the header structure were removed from the exit parts of the plates, shown in Figure 
7.1.D.  Then, the header structure prepared in such way was put into an aluminum header frame, with plates being 
inserted into the slots of the frame, shown in Figure 7.1.E.  Transparent PVC was placed on both sides of the frame 
to provide visualization.  Rubber and silicon were used to seal the evaporator plates from the header frame and also 
to seal the PVC cover.  At the outlet of the frame, transparent nylon hoses were used in order to observe the flow 
status of each branch.  
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Figure 7.1 Configuration of a plate evaporator and the cut frame of the header 
In these experiments, the refrigerant mass flow rate was adjusted in a range of 20-60 g/s by the pump motor 
speed controller.  The quality is in a range of 0%-30% after the expansion valve.  In order to decrease the effects of 
inlet pipe length and phase separation, the distance between the expansion valve and the header was kept as short as 
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possible: 120 mm for all conditions.  Based on the study of three regions in the inlet tube in Chapter 5, the flow 
status at the inlet of the header is mostly in the expansion region or developing region with respect to the specific 
operating conditions.  The diameter of the inlet pipe is 9.5 mm (3/8”), the size typically used in automotive 
evaporators.  These dimensions are consistent with the ones in the distribution study of generic header, so that their 
results can be compared directly.  After entering the inlet header, the two-phase mixture is distributed into the five 
branches.  The same methods that were introduced in Chapter 4 are used to measure or calculate the mass flow rate 
and quality at the inlet or each outlet.  
7.3 Experimental Procedure 
Table 7.1 presents the test matrix (mass flow rate 
•
m  and quality x).  At high flow rates (50 and 60 g/s), the 
maximum values of quality are limited to 18% and 16%, respectively.  The pressure in the header is maintained 
between 690 and 758 kPa by controlling the condensing loop.  The quality is controlled in two ways, one is by 
varying the inlet temperature and the other is by changing the pressure drop across the expansion valve. 
A digital camcorder was used to take videos of the flow in the header.  The strobe light was placed behind 
the window of the header, providing background flashes with a high frequency (6000 Hz), to help capture the 
instantaneous image of the droplets and improve the quality of the photography.  Another enlarging lens was used to 
provide better focusing capabilities when the camera was very close to an object.  The camcorder was moved 
horizontally from the beginning to the end of the header to capture the whole path of the flow.  Side views help 
visualize the interaction of the flow and baffles.  For the side view, the focus was set on the surface of the baffles.  
The result was that the flow moving along the baffles looked clear, but the main flow region was a bit blurred.  
Finally, the videos were all downloaded into the computer and digitized to mpeg files.  Still digital photographs 
were created using single frames from the videos.  
Table 7.1 Test matrix 
0% 10% 20% 30%           x  
•
m  
∆P 
kPa 
 ∆P 
kPa 
 ∆P 
kPa 
 ∆P 
kPa 
 
20 10 D  V 1330 
D  
V 1276 
D  
V 1330 
D  
V 
30 70 D  V 1634 
D  
V 1496 
D  
V 1276 D 
40 100 D  V 1558 
D  
V 1496 
D  
V 1543 D 
50 240 D  V 1558 
D  
V 
10001
8% 
D  
   
60  V 1406 D  V 
1400 
16% 
D  
   
Where, M  --- Mass flow rate   g/s ; X --- Quality 
 ∆P --- Pressure drop across the expansion valve kPa 
 D  --- Distribution results; V  --- Digital videos 
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7.4 Experimental Analysis 
The following figures show the flow patterns/regimes and the corresponding distribution results.  The 
photographs show the front and side view (45o) of the flow in the header through PVC windows.  The heat 
exchanger has four passes, and there are five plates in the first pass (the cut one used in this setup).  The five 
“windows” constitute the headers feeding into each of the five plates in the first pass.  Referring to the description of 
liquid distribution measurement in Chapter 6, liquid fraction, liquid flow ratio and standard deviation (STD) of 
liquid fraction are used to analyze the distribution results in different ways (e.g. liquid flow ratio is used for the 
convenience of comparison of distribution to the generic header).  Also as we have discussed in Chapter 6, the 
maximum STD, which happens in the worst distribution case when the liquid flows only into one branch and the 
others are empty, is 0.4.  A smaller STD indicates better distribution.  
Based on the conditions and geometry of this header, the flow patterns observed are arranged in three 
categories: stratified flow, liquid jet, and mist flow.  Comparing to the flow patterns in the generic header, liquid 
pooling is not included in the real header.  Although liquid accumulations were observed, they are consequences of 
baffles not by the flow development itself (e.g. reverse flow), which will be addressed in detail next.  
As we have learned, the occurrence of reverse flow (re-circulation) is a function of the inlet condition and 
dimension of the header, which is directly related to the shooting length (l) and the length of the header (L).  If L < l, 
re-circulation occurs.  In the study of the generic header, we saw that strong re-circulation finally resulted in front 
pooling, which attenuated the distribution to a large degree.  If only considering gravity force (ignoring inter-phase 
drag, shear force, etc.), which is a good estimation for the liquid jet, the shooting length (l) can be estimated based 
on Newton’s second law as 
5.0
⎟⎟⎠
⎞
⎜⎜⎝
⎛×=×=
g
hutul  
where, u is the inertial velocity, h is the height of the start point of the jet, t is the landing time of the jet and g is 
gravity coefficient, 9.81.  So, for the header of the plate evaporator in this chapter, t is about 0.0422 seconds, 
referring to the liquid at the top of the inlet to the header, which has the longest landing time.  
Figure 7.2A presents the flow with a low inertial force when quality is 0%: the inlet velocity of liquid is 
about 0.45 m/s.  So the shooting length is estimated to be about 19 mm.  From the measurement of the still photo, 
the shooting length is about 21 mm.  So in this condition, vapor effect can be neglected and only gravity force 
dominates the flow development.  Since the liquid moves along the edge of the header without liquid sheet breaking 
up, we characterized it as “stratified flow”.  Non-uniform results were observed for the distribution results of the 
flow in Figure 7.2C.  About 80% liquid flow goes to the second and third branch.  The “stratified flow” pattern is 
normally observed in low quality flow conditions (close to 0%).  Starting from 20 g/s, the flow typically is stratified, 
and the peak flow rate occurs in the first branch.  As the mass flow rate increases, the peak distribution position 
moves forward, due to the greater momentum at the inlet.  But the liquid flow is not separated completely from the 
boundary wall of the header; thus, the flow pattern is still a stratified flow during the transition to a liquid jet.  Figure 
7.2B shows the film on the wall, and the bottom liquid blocked by the baffles.  In Figure 7.5, the corresponding STD 
is decreased from 0.28 to 0.12; the flow rate increases from 20 g/s to 50 g/s.  This distribution trend is the result of 
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the increasing momentum at the inlet and the disturbance caused by the baffles.  Without baffles, the liquid flow can 
go further to provide better distribution before the occurrence of re-circulation.  
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Figure 7.2 Stratified flow with 40 g/s, 0% (A--front view, B--side view, C—distribution) 
Figure 7.3A shows the developing two-phase flow being injected into the header without contacting the 
boundary wall right after exiting the inlet pipe.  Some droplets are formed in the outside region of the flow.  That 
flow pattern is called “jet”, since the liquid in the central region is still in a continuous phase.  Vapor flow exiting 
with liquid, first increases the velocity at the inlet for the same flow rate as pure liquid jet.  Then, the inter-phase 
drag and surface tension forces cause more droplets to break up.  Although the mass flow rate is less than the one in 
Figure 7.2, the shooting length is greater due to the increased inertial force.  The inlet velocity of liquid is about 1.7 
m/s, based on the assumption of a homogenous flow at the exit of the inlet device.  For this condition, the shooting 
length is about 72 mm, which is longer than the header length (67 mm).   
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Figure 7.3 Two-phase jet with 30 g/s, 10% (A--front view, B--side view, C—distribution) 
Without baffles, observation of reverse flow is expected.  However Figure 7.3C shows that a large 
percentage of liquid (35%) flows to the last branch.  The distribution is shown more uniform in the first four 
branches, but not in the fifth and the STD is about 0.07 as shown in Figure 7.5.   
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The first reason is that in the outside region of the liquid jet, the droplets are dispersed within the vapor 
flow and are uniformly separated from the main jet by gravity and the baffles.  The second reason is that, the inertial 
force is high enough to bring the core of the liquid jet to the end of the header, thus creating a backward flow.  The 
last baffle stops this backward flow in the last branch, so the peak distribution occurs in the last plate.  The diameter 
of the droplets formed in the outside region of the jet for this condition is estimated at 700 to 1000 µm based on still 
photographs.  For this range of droplet sizes and inertial velocity, Stokes number based on the definition by Fessler 
and Eaton (1999) is estimated to be much larger than 1.  So vapor flow has little influence on the droplet motion in 
this case.   
Similarly, from the side view of this condition shown in Figure 7.3B, a thick film is formed on the walls of 
the baffles again.  This is further evidence of the liquid flow being blocked by the baffles. 
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Figure 7.4 Mist flow with 20 g/s, 20% (A--front view, B--side view, C—distribution) 
Figure 7.4A presents another kind of flow pattern, identified here as “mist flow”.  With an increase in 
quality, liquid is completely dispersed within the vapor, with droplet sizes becoming smaller and smaller.  For this 
low flow rate (20g/s, 20%), the velocity of the liquid at the inlet reaches 2 m/s, a bit higher than the condition in 
Figure 7.3 so that the shooting length is about 844 mm, much longer than the header length.  Still in the real header 
with baffles, there was no observation of strong reverse flow forming in the header.   
Although Figure 7.4C shows the second largest percentage of liquid flow is in the first branch, this front 
liquid accumulation is not formed by reverse flow from the end of the header, but the disturbance of the baffles.  The 
diameter of the droplets in the outside region of the liquid flow is estimated to be as small as 200 micron from the 
measure of still photos.   
Using the definition of Stokes number from Fessler and Eaton (1999), St is estimated to be close to 1 in this 
condition.  So, those small droplets are more uniformly distributed in the header, responding to the motion of vapor. 
Since vapor is expanded after the injection into the header, the small droplet flow (with St close to 1) also exhibits 
some expansion (expansion angle is much larger than pure liquid jet) so that the baffles disturb this expansion to 
form the liquid accumulation at the location of the first branch.  But the droplets in the center region still mainly 
follow their own trajectory with little influence from the vapor flow due to their larger size.  So we still see a large 
amount of liquid (35%) flowing to the last branch.  This agrees with the theory of dispersed particles: if the particles 
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response time is close to or smaller than the fluid characteristic time, the particles will somehow follow the trend of 
the fluid motion or will move with the fluid exactly.   
At a larger flow rate and with greater quality, the size of the droplets will decrease further and they will 
disperse throughout the header, following the motion of the vapor.  A thick film is formed on the window, which is 
not caused by the re-circulation flow (because the baffles block the backward flow), but by the collision between 
droplets and the wall.  
In Figure 7.4B, a liquid film and reflected small droplets are found due to the existence of the baffles.  
Although the mass flow rate at the inlet is only 20g/s, the distribution of this condition shown in Figure 7.5 is not 
poor and the STD is 0.073.  Further exploration on the results in Figure 7.5 shows that the changes of the STD are 
not obvious for the conditions with a quality larger than 10%.  The interaction between the droplet flow and the 
baffles actually stabilizes the distribution for various conditions. 
From these discussions, baffles play a very important role in the distribution.  They had a negative effect on 
distribution to stratified flow.  For a two-phase developing flow, the baffles block the expanding flow in the 
peripheral region and only let the flow in the center pass through.  Obstructing the re-circulation flow improves the 
distribution. 
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Figure 7.5 Influence of inlet conditions on distribution 
In order to present the change of the flow patterns for different conditions, Figure 7.6 organizes all the 
available visualization results for various mass flow rate and quality conditions in one plot.  Stratified flow is 
observed in the 0% quality conditions, jet flow occurs in most of the 10% quality conditions (including those flow 
patterns with liquid accumulation resulted by baffles).  When quality is higher than 20%, the flow pattern is 
exhibited as a mist flow.  Some pictures are blurry due to the disturbance on the focus by the film on the window.   
To show the effect of baffles on flow development, Figure 7.7 presents the comparison of schematic flow 
structures between the generic header and the header of a real plate evaporator.  Because of the existence of the 
baffles, all the flow movements close to the top or the bottom are disturbed so that we don’t see such liquid front 
pooling or rear pooling occur as in the generic header.  However, the liquid accumulations do exit at the location of 
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the first branch or last branch when liquid flow is blocked by the baffles.  This cutoff of re-circulation in the entire 
header brings significant influence on distribution, which will be addressed in the next section. 
 
 
Figure 7.6 Flow in the header of the real plate evaporator under different quality and mass flow rates 
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 Generic header Plate evaporator header  
Figure 7.7 Comparison of flow structures in the generic header and header of the real plate evaporator 
7.5 Comparison of Distribution between the Generic Header and the Real Header 
Figures 7.8 to 7.12 present the distribution results taken in both the generic header and the header of real 
plate evaporator for mass flow rates from 20g/s to 60 g/s.  The comparisons of distribution in different headers are 
illustrated using solid lines (real header) and dot lines (generic header).   
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In figure 7.8, for 0% quality, the inertial force is so small that a large percentage of liquid is distributed to 
the first several branches and only insignificant amounts to the last branch for both headers.  Since the real header is 
shorter, it is expected to see more liquid flow in the last one or two branches compared to the generic header.  On the 
contrary, there is almost no flow in the last three branches of this header because of the existence of baffles.  When 
quality is increased to 10%, the initial momentum is also increased.  It carries the liquid through the openings so 
more liquid flow is distributed to the last two branches in the real header compared to generic header.  When quality 
is adjusted to 20%, rear pooling occurs in the generic header but not in the real header.  The flow ratio in the last 
branch of the generic header is very close to the flow ratio in the real header.  However, the shorter length of the real 
header indicates that reverse flow should exist in this condition so that the liquid accumulation in the last branch is 
not rear pooling but the accumulation of blocked flow.  Based on this, it is not surprising that for 30% inlet quality 
case, most of the flow ends up in the center of the generic header, but in last branch of the real header. 
In Figure 7.9, the mass flow rate is increased to 30 g/s.  Comparing with Figure 7.8, for the same quality 
condition, the initial velocity is increased correspondingly.  An increase of the percentage of liquid distribution in 
the rear part of both headers in low quality conditions (0% and 10%) is observed.  However there is no significant 
change of distribution in higher quality conditions (20% and 30%) for the real header, when comparing Figures 7.8 
and 7.9.  Figures 7.10 -7.12, show that as long as quality is larger or equal to 10%, the distribution results are very 
close to each other regardless of quality or mass flow rate conditions.  Again, Figures 7.9 to 7.12 show that when 
x>=10%, because of the existence of baffles in the real header, large amounts of reverse liquid flow is blocked to 
form more percentage of distribution in the last branch, compared to the generic header.  These graphs indicate that 
better distribution occurs in higher quality conditions for both headers.  Especially for the real header, the 
distribution is more uniform and stable in most of the high quality conditions compared to the generic header.  It is 
concluded that the baffles play an important positive role in the improvement of distribution by cutting the re-
circulation flow.  On the other hand, the disturbance of both jet expansion and/or the reverse flow in the end of the 
header contributes more liquid distribution in the first and/or last branch, which has a negative effect on the 
distribution. 
For the real header, the quality improves the distribution in the low range of quality (0%-10%) when a jet 
can penetrate through baffles.  As the quality increases further, the Stokes number is decreased with decreasing of 
droplet size, and the distribution is improved compared to low quality conditions.  However, after this improvement, 
the distribution shapes stay close with the increase of quality from 10% to 30% when the mass flow rate is larger 
than 30 g/s.  It is also found that, in these conditions, there is little change of the expansion angle.  This trend is not 
obvious for the distribution in the generic header.  Also, for the real header, the increase of the mass flow rate at the 
inlet can improve the distribution in the low quality range (0%-10%).  When quality is higher than 10%, it is 
difficult to see the influence on the distribution by changing the mass flow rate from 30 g/s to 60 g/s.  
  144
20 g/s
0
1
2
3
4
1 2 3 4 5
Branch #
Li
qu
id
 fl
ow
 ra
tio
0% 10% 20% 30%
0% 10% 20% 30%
 
Figure 7.8 Comparison of liquid distributions in two headers for 20 g/s 
(Solid lines—header of real plate evaporator; Dot lines—generic header) 
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Figure 7.9 Comparison of liquid distributions in two headers for 30 g/s 
(Solid lines—header of real plate evaporator; Dot lines—generic header) 
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Figure 7.10 Comparison of liquid distributions in two headers for 40 g/s 
(Solid lines—header of real plate evaporator; Dot lines—generic header) 
  145
50 g/s
0
1
2
3
4
1 2 3 4 5
Branch #
Li
qu
id
 fl
ow
 ra
tio
0% 10% 18%
10% 20%
 
Figure 7.11 Comparison of liquid distributions in two headers for 50 g/s 
(Solid lines—header of real plate evaporator; Dot lines—generic header) 
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Figure 7.12 Comparison of liquid distributions in two headers for 60 g/s 
(Solid lines—header of real plate evaporator; Dot lines—generic header) 
7.6 Summary and Conclusions 
1. The mist flow pattern in the header improves the distribution significantly by decreasing the Stokes 
number, compared with stratified flow/jet flow in low quality conditions (0% - 10%) under the same mass 
flow rate.  This is consistent to the findings in the study of generic header. 
2. Baffles have a negative effect on distribution for stratified flow by stopping the flow from moving forward.  
The distribution is worse compared to the one in the generic header under the same inlet conditions. 
3. For the jet flow, the baffles play both positive and negative roles.  The negative effect comes from the 
block of the expanding flow in the peripheral region close to the inlet of the header, and from the formation 
of large capacity of liquid accumulation close to the end of the header.  They are helpful for the 
improvement of distribution by cutting the re-circulation and stabilizing the distribution for many 
conditions when the quality is higher than 10% and the mass flow rate is higher than 30 g/s. 
4. For the range of 30 - 60 g/s and 10% - 20% quality, the expansion angles of the developing jet do not 
change much, and we find those distribution results are very close to each other providing more uniform 
and stable distribution than the generic header.  Also the distributions in those conditions always exhibit 
smile/skew shapes under the influences of baffles. 
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Chapter 8. Two-Phase Flow Distribution with Atomized Liquid 
Results from the previous analysis of the two phase flow in the generic header and the header of a real plate 
evaporator showed that better distribution results are obtained when the flow is homogenous.  That is when the inlet 
to the header is in the expansion region or the flow pattern in the header is of mist nature.  In order to further explore 
possible practical implementation of this finding, additional work was untaken by using the liquid atomization at the 
inlet of the header.  The atomizing orifice is used as the expansion device so that the expansion region (the actual 
inlet length is 0) in the inlet tube and the mist flow condition in the header are both satisfied.  The idea is to explore 
a possibility for locating a new expansion device that would generate atomized droplets at the very inlet into the 
header.   
The distribution results for two inlet devices are presented and the comparisons with the results in the 
generic header are made in this chapter.  
8.1 Introduction 
The mist flow pattern addressed in the distribution study of the generic header is a homogenous mixture of 
vapor and small droplets.  We have observed mist flow or quasi-mist flow when the quality is very high (x>25%) 
and the droplet diameter is in the range of 200 - 400 µm, which is formed through two-phase expansion at the exit of 
the expansion valve (refer to Chapter 5).  However, the normal quality range in the real applications is 10 - 25%.  So 
it is essential to find out an alternative way to disintegrate liquid into tiny droplets, such as atomization.  
Atomization is the transformation of bulk liquid into sprays and other physical dispersions of small 
particles in a gaseous atmosphere.  Atomization was successfully applied into many branches of industry: 
combustion, pharmaceuticals, agriculture, chemical, etc.  Main contributors in this area are Lefebvre (1983, 1989), 
Bayvel and Orzechowski (1993), and so on.  They showed that atomization could create very small droplets (less 
than 50 µm) depending on the conditions and atomizers being used.  To the best of our knowledge, this study is the 
first time that atomization device were applied at the inlet of the manifold of a heat exchanger for distribution 
purposes.  Different atomizers are tested and the corresponding results are analyzed. 
8.2 Atomization Mechanism 
Lefebvre (1983) has pointed out that the mechanism of atomization is one in which a liquid jet or sheet is 
disintegrated by the kinetic energy of the liquid itself, or by exposure to high-velocity air or gas, or as a result of 
mechanical energy applied externally through a rotating or vibrating device.  Due to the random nature of the 
atomization process, the resultant spray is usually characterized by a wide spectrum of drop sizes.  Lefebvre (1989) 
illustrates that the sprays may be produced in various ways.  The development of the jet or sheet and the growth of 
small disturbances, which eventually lead to disintegration into ligaments and then drops, are also of primary 
importance in determining the shape and penetration of the resulting spray as well as its detailed characteristics of 
number density, drop velocity, and drop size distributions as functions of time and space.  Here, we only talk about 
two possible atomizers: plain orifice atomizer and pressure swirl atomizer, which were used as likely the most 
suitable and convenient atomizing device for our test section. 
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8.2.1 Plain orifice atomizer 
The simplest design of creating small droplet flow is using a simple circular orifice, called a plain orifice 
atomizer.  Figure 8.1 shows the schematic configuration of the plain orifice and the connection with the manifold.  
It is generally considered that the flow in a plain-orifice atomizer is similar to that in a pipe so that a jet is 
formed in the manifold after the orifice.  Bayvel and Orzechowski (1993) described that the jet disintegration into 
drops occurs at a certain distance from the atomizer depending on the type of orifice and the discharge conditions.  
When in the liquid discharge velocity range of 25 - 45 m/s, the drop diameter range is around 200 - 500 µm.  This 
means that we can obtain the drop size range even in the low quality conditions.  However, it should be noted that 
the inertial velocity is extremely high in this situation.  
 
Plain-orifice 
atomizer 
Header
Liquid pooling 
d=1mm 
Inlet 
tube 
D=25.4mm 
Flow 
direction Outlet 
 
Figure 8.1 Schematic of flow generated by the plain orifice atomizer  
8.2.2 Pressure swirl atomizer 
Another type of atomizing device is a pressure swirl atomizer with a circular outlet orifice preceded by a 
swirl chamber, which is shown in Figure 8.2.  Using the description of Lefebvre (1989), the process involves liquid 
being injected through tangential or helical passages into the swirl chamber, from which it emerges with both 
tangential and axial velocity components to form a thin conical sheet at the nozzle exit.  This sheet rapidly 
attenuates, finally disintegrating into ligaments and then drops. 
Slots
Swirl
chamber
Orifice
Spray angle
 
Figure 8.2 Pressure swirl atomizer and its schematic internal structure 
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Figure 8.3 Two types of spray from swirl atomizer: hollow cone and solid cone 
Due to the different configuration of swirl chambers, two types of sprays are created: hollow cone and solid 
cone, presented in Figure 8.3.  Hollow cone sprays, with a hollow gaseous pattern, generally have more stable spray 
angles and patterns under adverse conditions than solid cone sprays of the same flow rate.  However solid cone 
sprays are generated with fairly uniformly distributed droplets throughout the complete pattern, which is very 
essential for the purpose of homogenizing the flow in the manifold.  
Merrington and Richardson (1947) gave the empirical relationship for Sauter mean diameter (SMD) in sprays 
injected from a plain circular orifice into stagnant gaseous chamber: 
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Wang and Lefebvre (1987) carried out a detailed experimental study of the factors governing the mean drop sizes 
produced by pressure-swirl atomizers and derived the empirical equation of mean drop size as: 
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Figure 8.4 Droplet size distribution for plain and swirl orifice based on Wang (1987) 
Figure 8.4 shows the droplet size distribution for 1 mm plain orifice atomizer and pressure swirl atomizer 
under different mass flow rate and quality conditions using these two empirical equations.  These equations apply 
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for the atomization without evaporation.  Figure 8.4 indicates that swirl atomizer can create 50 times smaller 
droplets comparing to 1 mm plain orifice. 
8.3 Two-phase Flow Distribution Using Plain Orifice at the Inlet 
When plain orifice is used as the expansion device at the inlet of the header, smaller droplet flow is 
observed downstream of the jet in the manifold compared to the flow with tube inlet.  However, the droplet size is 
still too large to collect PDPA data with acceptable accuracy, and the strong liquid film on the window disturbs the 
PDPA measurement so the droplet size and velocity data are not available for this case.  The following analysis will 
illustrate the overwhelming role of pooling on distribution compared to the slight decrease of droplet size for plain 
orifice. 
8.3.1 Flow visualization 
This section also includes the results of the 3.2 mm tube inlet for comparison.  In Figure 8.5, under the 
same inlet condition of 25 g/s and 10%, a strong jet is observed in the header with both inlet devices.  However, the 
jet coming out of the plain orifice seems to be stronger in Figure 8.5A with longer shooting length (front pooling is 
already formed) and narrower expansion angle (about 10°).  Based on the homogenous assumption at the inlet, the 
initial velocity is about 12.7 m/s so that the estimated shooting length is about 325 mm, which is longer than the 
header length (305 mm).  As shown in Figure 8.5A, the strong rejected stream (blue dot arrows) from the end of the 
wall disturbs the main stream (red solid arrows) in a reverse direction resulting in the separation of peripheral flow 
of the jet from the main stream.  Liquid pool close to the inlet is the formed as a consequence of this reversed flow.   
On the other hand, the jet from the 3.2 mm tube inlet has a smaller initial velocity in Figure 8.5B with 
shorter shooting length (no front pooling) and wider expansion angle (about 30°).  The front pooling is elevated with 
an increase of initial velocity.  When the height of the front pooling grows higher than half of the header’s height, as 
shown in Figure 8.6A, the jet is directly disturbed by touching the surface of the liquid pool or even penetrating it.  
Very turbulent re-circulated flow is then formed with liquid all over the place in the front part of the header.  This 
strong re-circulated flow is the special phenomenon for plain orifice at the inlet, which is not shown in Figure 8.6B 
with 3.2 mm tube at the inlet (front pooling just starting in this case).  
The complete visualization results using plain orifice at the inlet are shown in Appendix C.  An increase of 
the mass flow rate and/or quality affects the flow pattern by increasing the shooting length, then forming the front 
pooling, elevating the front pooling until the jet touches the top of the pool, and finally the jet is ejected through the 
liquid pooling as an extremely turbulent flow pattern.  As a result, the stable front pooling is replaced by strong re-
circulated flow in the front part of the header.  
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Figure 8.5 Visualization at 25 g/s, 10% (A—1 mm plain orifice; B—3.2 mm inlet tube) 
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Figure 8.6 Visualization at 30 g/s, 20% (A—1 mm plain orifice; B—3.2 mm inlet tube) 
8.3.2 Distribution results 
As presented in Chapter 6 the liquid distribution in the outlets of the manifold is significantly affected by 
the pooling.  Figures 8.7 to 8.9 show the influence of front pooling on distribution for 1 mm plain orifice and 3.2 
mm tube inlet by varying the mass flow rate.  When using plain orifice at the inlet, the front pooling plays an 
overwhelming role on the distribution in low mass flow conditions.  With an increase of mass flow rate for the 
examined quality range, the flow ratio of the first branch decreases and the flow ratio of any other branch increases 
(more in the last branch).  This trend tends to improve the distribution to some degree.   
Also the influence of mass flow rate on the distribution is more significant at low quality conditions than at 
high quality conditions.  However the degree of non-uniformity is still much larger than the one for the 3.2 mm inlet 
tube.  Also the distribution shapes for plain orifice in Figures 8.7 to 8.9 don’t seem to change much with the change 
of quality, compared to the ones at the tube inlet.  Although we did observe smaller droplets form with an increase in 
quality, the effect on distribution by factors such as quality or droplet size was less significant than front pooling  
Meanwhile, the influence of quality on the distribution is also presented in Figures 8.10 to 8.12.  In Figure 
8.10, it is obvious that the change of quality in the available level has no significant effect on distribution in the low 
mass flow rate conditions (25 g/s).  Checking with the visualization data, no contact of the jet and the front pooling 
is observed so that there is always a liquid lump accumulated close to the inlet of the manifold and it is less affected 
by the change of quality.  For the 3.2 mm tube inlet, front pooling does not occur until the quality is equal or larger 
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than 20%.  In those conditions the distribution shapes also exhibit similarity, but more uniform than the ones for 
plain orifice.   
The similarity of distribution shapes is also shown in Figure 8.11 when front pooling dominates the 
distribution.  When the mass flow rate is increased higher than 30 g/s, the disturbance between the jet and liquid 
pooling occurs for plain orifice.  As shown in Figures 8.11 and 8.12, the increase in quality tends to maintain or 
increase the liquid pool (presented as the increased flow ratio in the first branch) by the stronger reverse flow 
including some of the separated flow from the main stream of the jet.  
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Figure 8.7 Distribution results at 10 % quality with different mass flow rates 
(1 mm inlet—solid line; 3.2 mm inlet—dot line) 
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Figure 8.8 Distribution results at 20 % quality with different mass flow rates 
(1 mm inlet—solid line; 3.2 mm inlet—dot line) 
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Figure 8.9 Distribution results at 25 % quality with different mass flow rates 
(1 mm inlet—solid line) 
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Figure 8.10 Distribution results at 25 g/s with different qualities 
(1 mm inlet—solid line; 3.2 mm inlet—dot line) 
  153
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
1 2 3 4 5
Branch no.
Fl
ow
 ra
tio
10% 20% 25%
10% 20% 30%
 
Figure 8.11 Distribution results at 31 g/s with different qualities 
(1 mm inlet—solid line; 3.2 mm inlet—dot line) 
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Figure 8.12 Distribution results at 36 g/s with different qualities 
(1 mm inlet—solid line) 
The summarized distribution results for plain orifice at the inlet are plotted in Figure 8.13, using STD as the 
criterion of distribution.  It is obvious that the increase of mass flux tends to improve the distribution, even when the 
front pooling dominates the distribution.  On the contrary, an increase in quality (at least from 10% to 20%) tends to 
deteriorate the distribution with the elevation of the front pooling.  When quality is higher than 20% and mass flow 
rate is higher than 30 g/s, (mass flux 47 kg/m2s in the header) the disturbance between the jet and front pooling starts 
and the influence of quality on the distribution is not significant any more. 
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Figure 8.13 Degree of mal-distribution using STD (1 mm plain orifice) 
To sum up, the distribution results for the plain orifice mainly exhibit very poor uniformity compared to the 
ones for tube inlet (9.5 mm, 6.4 mm, 3.2 mm), due to the overwhelming large flow ratio in the first branch.  Even 
the improvement of the distribution with an increase in mass flow is still in a modest level.  The further comparison 
including the results of swirl atomizers will be presented in the next section.  Since 1 mm plain orifice can be treated 
as a kind of tube inlet with a very small diameter, it implies that the decrease of the inlet tube size has negative 
effect on the distribution.  This is consistent with the conclusion in Chapter 6 that the ratio of cross sectional area 
between the inlet and the manifold should better be large. 
8.4 Two-phase Flow Distribution Using Pressure Swirl Atomizer at the Inlet 
To improve the atomization by plain orifice, pressure swirl atomizers with available cone angles from 30o 
to 60° were used at the inlet.  Since the solid cone spray tends to provide more uniformly distributed droplet flow 
and liquid distribution than hollow cone, the flow pattern and distribution results of solid cone spray are presented in 
this section, even though the droplet size is smaller in the hollow cone spray.  Droplet size distributions were 
measured by PDPA with acceptable accuracy in small flow rate conditions.  A comparison of distribution among 
three types of inlet devices (9.5 mm tube inlet, 1 mm plain orifice, swirl atomizer) is also shown in this section. 
8.4.1 Flow visualization 
The spray is formed by the swirling motion imparted to the liquid, so that it spreads out in the form of a 
conical sheet as soon as it leaving the orifice under the action of centrifugal force.  Due to this spread, the cross-
section of the spray is significantly larger than the jet after the plain orifice, so the velocity profile in this spray is 
decreased correspondingly.  No obvious reflected flow from the end of the manifold is observed in the visualization 
results.  Nevertheless, the wider spray angle brings another possibility of contact between the outer edge of the 
conical spray and the sidewalls of the manifold, which may finally form a liquid pool close to the inlet of the header.   
The effect of a conical shape of the spray on flow patterns is evident when compared to the ones with a 
normal tube inlet.  Figure 8.14 illustrates three typical spray patterns under different conditions.  In order to capture 
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the exact feature of the spray with evaporation, the image with the condition of 2 g/s and 0% is presented.  Because 
the swirl atomizer is also used as the expansion device, the spray with two-phase formation is more complicated 
than the simple process of atomizing pure liquid.  Wider spray angles are observed than is expected, 30 o for pure 
liquid in the next two images.  The dotted lines in the third image of Figure 8.14 indicate the interaction between the 
spray and the re-circulated flow next to the inlet observed in experiments, which is a consequence of the wide spray 
angle.  But, there is no significant front pooling formed in this case as shown in Figures 8.5 and 8.6.  More 
visualization results are shown in Appendix C. 
 
Figure 8.14 Three representative flow patterns in the header using pressure swirl atomizer at the inlet 
8.4.2 Droplet diameter distribution after atomization 
From Figure 8.4, it seems that the pressure swirl atomizer can create very small droplets (as small as 10 
µm) for the liquid atomization without evaporation.  This size is measurable by PDPA with high accuracy.  Since 
R134a is used as the working liquid other than water /oil, atomization involves the rapid evaporation, or “flashing” 
after the expansion, which is not captured by the previous study of atomizers.   With the help of Chad Winkler, we 
carried out PDPA measurements on droplet size distribution in several low flow rate conditions.  Detailed 
information about PDPA measurements in this study is presented in Winkler and Peters (2002).  
For a given condition, the droplet SMD was measured along the centerline of the header.  The typical 
validation rates are in the range of 80% to 90%.  The data taken near walls with less than 50% validation rates were 
not used.  The centerline SMD is used as a representative size of the droplets for the given condition.  Measurements 
along a vertical cross section proved to be unreliable, as the PDPA validation rate quickly dropped as the probe 
volume was moved near the walls due to liquid pools and films on the walls.  Figures 8.15 to 8.17 present the mean 
droplet size distribution along the centerline for conditions of mass flow rates (1, 2, 3 g/s) and quality (0% - 15%).  
Two important trends are observed: 1) the droplet SMD is found to decrease with the increase of quality at the inlet 
of the manifold.  This is partly due to the additional process of rapid evaporation/flashing except for the normal 
atomization at the swirl orifice; 2) SMD at the centerline decreases with increasing distance downstream of the 
atomizer.  Due to gravity, the larger droplets will settle out of the core in the spray, thus leaving only the smaller 
drops downstream on the centerline.  
It is worth noting that in Figure 8.17, the centerline SMD appears to increase with increasing distance 
downstream in the manifold for 0% quality condition.  This conflicts the finding of the previous result, and is due to 
2g/s 
0% 
4g/s 
15% 
25g/s 
15% 
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the low inertial force and more dominance of gravity effects (slope downward), which results in the probe test 
location at the edge of the spray when the probe volume is traversed downstream.  Drallmeier and Peters (1994) 
have shown that these types of atomizers concentrate the largest droplets at the outer edge of the jet.  It is these 
larger droplets at the outer edge of the jet that are being measured for this 0% quality condition.  Typical velocities 
measured inside the header were on the order of 1 m/s, confirming that larger droplets can indeed deviate from their 
initial trajectories and cause this seemingly peculiar trend.   
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Figure 8.15 Centerline droplet measurements under different quality conditions for 3 g/s  
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Figure 8.16 Centerline droplet measurements under different quality conditions for 2 g/s 
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SMD vs Distance from Inlet, 1 g/s, nozzle WDB8-30
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Figure 8.17 Centerline droplet measurements under different quality conditions for 1 g/s 
Meanwhile, by comparing the SMD plot of these two graphs, there is also a trend that the SMD in the 
centerline tends to increase with the increase of mass flow rate.  This finding is consistent with the pure liquid 
atomization without evaporation by Lefebvre (1989).  Even the mean droplet sizes are increased in similar 
conditions we used for tube inlet and plain orifice inlet, they are still in a finer level when looking at the 
visualization data.   
8.4.3 Distribution results 
In Figures 8.18 to 8.21, distribution data for four typical quality conditions are shown in four graphs with 
flow ratios in each branch being plotted against mass flow rate.  B1 to B5 represent the names of branch 1 to branch 
5.  The flatness of the flow ratio curve in each branch indicates how the flow rate fluctuates in each branch and the 
change of mass flow rate.  When the flow ratio comes closer to 1, there is better distribution.  
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Figure 8.18 Liquid flow ratio in each branch vs. mass flow rate for 0% quality 
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Figure 8.19 Liquid flow ratio in each branch vs. mass flow rate for 5% quality 
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Figure 8.20 Liquid flow ratio in each branch vs. mass flow rate for 10% quality 
In fact, the distribution shown in Figure 8.18 is obtained with pure liquid atomization without any 
evaporation.  The distributions in low mass flow rate conditions exhibit irregular outcome due to the low initial 
momentum and gravity effect.  With the increase of mass flow rate, the flow ratio in each branch is quite stable, 
except that more liquid flows to the last two branches.  But for the first three branches, the distribution is uniform 
and their flow ratios are close to 1.  When the quality is 5%, a two-phase spray is observed in the manifold.  The 
distribution results in Figure 8.19 do not show many differences.  There is still irregular and unstable flow 
distribution in the low mass flow conditions.  And the flow ratio in each branch becomes more stable and closer to 1 
with the increase of mass flow rate, except for the last branch when the flow rate is larger than 25 g/s.  In those 
conditions, interaction between the spray and front pooling is observed.  This front pooling is formed due to the 
accumulation of liquid re-circulation, which is caused by the contact of spray edge and the sidewalls when the spray 
angle is large.  The occurrence of this disturbance inevitably alleviates the mist flow pattern and some liquid is 
separated in the downstream of the manifold forming large liquid flow in the last branch.  However, the distribution 
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in the first four branches is pretty uniform.  Figure 8.20 exhibits the distribution results for 10% quality with similar 
trends to 5%, except that better distributions are obtained with flow ratios closer to 1. 
Figure 8.21 shows for a quality of 15%, (normal range of practical operating conditions) more uniform and 
stable distribution in the larger mass flow conditions with flow ratio in each branch is observed.  However, the 
visualization data show turbulent mist flow in the upstream due to the disturbance between the spray and the front 
pooling.  The PDPA results show smaller droplets should be created with the increase of quality.  So the decrease of 
the droplet size (small Stokes number) has a positive effect on the distribution by attenuating the degree of phase 
separation in the downstream of the spray.  
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Figure 8.21 Effect of mass flow rate on distribution for 15% quality 
8.4.4 Comparison with normal tube inlet 
In order to better compare the distribution when different types of inlet devices (plain orifice, tube inlet, 
swirl atomizer) are used, we follow the same format as Figure 8.13 and combine all the STD results in one graph, 
shown in Figure 8.22.  Here, we use STD of the flow ratio (STD of liquid fraction is used in Chapter 6) to represent 
the degree of distribution for all three types of inlet devices.  The different colors in Figure 8.22 are used to represent 
different inlet device: Blue—plain orifice inlet; Green—Tube inlet; Red—Swirl atomizer inlet.  From the 
comparison, it is clear that the distributions using the plain orifice inlet are the worst among these three with most 
STDs larger than 1. 
For tube inlet, the STDs are below 1 and in general the distribution is improved with the increase of mass 
flow rate and quality.  Relatively uniform distribution results are obtained in high quality conditions (>20%).  
Based on the lowest values of STD, swirl atomizers appear to be the best of the three cases explored.  
Relatively uniform distribution results were obtained even in low quality conditions over the entire range of mass 
fluxes explored.  Most STDs with a swirl atomizer at the inlet are lower than the ones with tube inlet, except for 
large mass flux conditions where more significant front pooling and the disturbance with spray are observed. 
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Figure 8.22 Comparison of distribution for different inlet device 
P—Plain orifice inlet (1 mm); T—Tube inlet (9.5 mm); S—Swirl atomizer inlet (SWB18) 
8.5 Related Practical Problems  
The swirl atomizer used has the smallest spray angle available to us, 30o for the pure liquid atomization.  In 
the two-phase spray cases studied here, angles are even greater.  This wide expansion angle has negative effects on 
uniform distribution because the spray contacts the wall earlier and creates re-circulation flow and forms front 
pooling.  The spray was affected when the liquid accumulation was increased high enough.  Although the spray 
interacts with the front pool it does not sufficiently reduce its height or cause negative effects on the distribution.  
This interaction affects formation of mist flow pattern, which is the purpose of applying the atomizer as the 
expansion device at the inlet of the manifold.   
8.6 Summary and Conclusions  
1. A novel method for improving the flow distribution in headers of evaporators by using an atomizer (plain 
orifice and pressure swirl) has been presented. 
2. It is proven that the two-phase flow atomized by the plain orifice has poor distribution of R134a liquid, 
while the pressure swirl atomizer can create a mist-type flow to more uniformly distribute the refrigerant 
among the exit branches.  
3. PDPA measurements were taken along the centerline of the header for small flow rate conditions.  Typical 
droplet size distributions of R134a are reported using pressure swirl atomizers.  The main trends indicate 
that the SMD increases with the increase of mass flow rate for nonzero qualities and decreases along 
downstream of the spray.  
4. The visualization results for plain orifice inlet indicate that front pooling is the main phenomenon affecting 
flow patterns in the manifold.  Compared with normal tube inlet, the plain orifice actually provides poorer 
distribution due to the dominance of the front pooling.  
5. For plain orifice at the inlet, distribution is improved with the increase of mass flow rate and deteriorated 
with the increase of quality.  
6. The homogenous mist flow was obtained in low quality conditions using pressure swirl atomizer as the 
expansion device at the inlet of the header. 
7. The distribution results for the swirl atomizer inlet indicate that this novel atomizer approach does indeed 
provide a positive sign of improving the distribution compared with normal tube inlet.  However, a new 
problem emerges due to the large spray angle used, which may cause re-circulation and front pooling.  It is 
expected that reduction of the spray angle in swirl atomizers can improve distribution. 
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Appendix A. Volume Fraction of Liquid along 
the Inlet Tube for Different Conditions 
1. Effect of quality on volume fraction of liquid  
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2. Effect of mass flux on volume fraction of liquid 
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3. Effect of droplet diameter on volume fraction of liquid 
0
0.02
0.04
0.06
0.08
0.1
0 50 100 150 200 250 300
Location in x direction (mm)
Vo
lu
m
e 
fr
ac
tio
n 
of
 li
qu
id
200 microns
250 microns
300 microns
350 microns
 
Volume fraction of liquid along the tube on the top (501kg/m^2s, 20%, 8.7 mm inlet tube, 0 mm from top) 
0
0.2
0.4
0.6
0.8
1
0 50 100 150 200 250 300 350 400
Location in x direction (mm)
Vo
lu
m
e 
fr
ac
tio
n 
of
 li
qu
id
200 microns
250 microns
300 microns
350 microns
 
Volume fraction of liquid along the tube at the bottom (501kg/m^2s, 20%, 8.7 mm inlet tube, 0 mm from bottom) 
  169
4. Effect of tube diameter on void fraction of liquid 
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Appendix B. Distribution Results of Generic Header with 6.4 And 3.2 mm Inlet 
Tubes for Different Conditions 
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Influence of inlet quality
20 g/s, 6.4 mm inlet 
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Influence of mass flow rate
0%, 3.2 mm inlet 
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Influence of mass flow rate
30%, 3.2 mm inlet 
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Influence of inlet quality
25 g/s, 3.2 mm inlet 
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Appendix C. Visualization Results in the Generic Header  
1. Visualization images in the generic header for 9.5 mm inlet tube 
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2. Visualization images in the generic header for 3.2 mm inlet tube 
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3. Visualization images in the generic header for 1 mm inlet tube 
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4. Visualization images in the generic header for solid cone swirl atomizer inlet 
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Appendix D. Sample Codes of Batch and Configure Files  
in Unix Environment for Fluent Simulation 
1. Sample batchfile for the FLUENT computation submission in UNIX system: 
 
(cx-gui-do cx-activate-item "MenuBar*ReadSubMenu*Case & Data...") 
(cx-gui-do cx-set-text-entry "Select File*FilterText" "*.cas*") 
(cx-gui-do cx-activate-item "Select File*Apply") 
(cx-gui-do cx-set-text-entry "Select File*Text" "30g-10.cas") 
(cx-gui-do cx-activate-item "Select File*OK") 
(cx-gui-do cx-activate-item "MenuBar*PlotMenu*Residuals...") 
(cx-gui-do cx-activate-item "Residual Monitors*PanelButtons*PushButton1(Plot)") 
(cx-gui-do cx-activate-item "Residual Monitors*PanelButtons*PushButton1(Cancel)") 
(cx-gui-do cx-activate-item "MenuBar*WriteSubMenu*Autosave...") 
(cx-gui-do cx-activate-item "Autosave Case/Data*PanelButtons*PushButton1(OK)")     
(cx-gui-do cx-activate-item "MenuBar*SolveMenu*Iterate...") 
(cx-gui-do cx-set-integer-entry "Iterate*Table1*Frame2(Iteration)*Table2(Iteration)*IntegerEntry1(Number of 
Iterations)" 500) 
(cx-gui-do cx-set-integer-entry "Iterate*Table1*Frame2(Iteration)*Table2(Iteration)*IntegerEntry1(Number of 
Iterations)" 500) 
(cx-gui-do cx-activate-item "MenuBar*SolveMenu*Iterate...") 
(cx-gui-do cx-activate-item "Iterate*PanelButtons*PushButton1(OK)") 
 
 
 
2. Sample configuration file for FLUENT simulation in UNIX system: 
 
#!/bin/csh  
msscmd cd ~hrnjak/fei/sample,put batchfile,put test.cas,put test.dat 
#BSUB -P pfk 
   #echo   "THIS FILE IS SUBMITTED USING BSUB COMMAND AS:" 
   #echo   "bsub < mybat.bat" 
# 
# 
   echo "set the queue" 
  #BSUB -q vst_sj 
# ..........   #BSUB  
   echo "set per cpu time:400:00 max" 
#BSUB -W 5:00 
#BSUB -M 2G 
   echo "set the mesg. file" 
#BSUB -o fluentrun.msg   
   echo "set flag to notify" 
#BSUB -B 
#BSUB -N 
   echo "set executable name" 
#BSUB -J fluent5 
# 
   echo " Assign nproc as 8" 
setenv MP_SET_NUMTHREADS 8  
#BSUB -n 8 
# 
   echo " change directory  to local machine scratch" 
cd $SCR 
# 
msscmd -b 'cd ~hrnjak/fei/sample, mput test*.cas, mput test*.dat' 
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echo "hostname: " hostname 
# 
msscmd cd ~hrnjak/fei/sample,get test.cas,get test.dat,get batchfile 
#            
chmod u+x fluent5 
   echo "chmod done on fluent5" 
#  
   echo "execution begins now `date`" 
fluent 3d -i batchfile 
 
echo "execution ended `date`" 
echo "exit batch" 
 
